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ABSTRACT 
 
While single molecule imaging and sensing hold the promise of providing unprecedented 
detail about cellular processes, many advanced applic tions are limited by the lack of 
appropriate fluorescence probes. In many cases, currently available fluorescent labels are 
not sufficiently bright and photostable to overcome th  background associated with 
various autofluorescence and scattering processes. Thi  dissertation describes research 
efforts focused on the development of a novel class of fluorescent nanoparticles called 
conjugated polymers dots (CPdots) for single molecule fluorescence detection. The 
CPdots contain highly fluorescent π-conjugated polymers that have been refined over the 
last decades as the active material in polymer light-emitting devices. Quantitative 
comparisons of the optical properties of the CPdots indicate their fluorescence brightness 
is a factor of 102-104 higher than conventional fluorescent dyes, and a factor of 10-103 
higher than colloidal quantum dots. Single particle fluorescence imaging and kinetic 
studies indicate much higher emission rates of the CPdots as compared to quantum dots, 
with little or no “blinking” behavior that is often encountered for fluorescent dyes and 
quantum dots. In addition, efficient intra-particle energy transfer has been demonstrated 
in blended CPdots and dye-doped CPdots, which provides a new strategy for improving 
the fluorescence brightness and photostability of the CPdots, and for designing novel 
sensitive biosensors based on energy transfer to sensor dyes. These combined features of 
the CPdots and the demonstration of cellular uptake indicate that CPdots are promising 
probes for demanding fluorescence-based applications such as single molecule detection 
and tracking in live cells. 
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CHAPTER 1 OVERVIEW 
 
 
During the past decades there has been a remarkable growth in the use of fluorescence in 
chemistry and life sciences. In particular, fluorescence-based methods for probing 
biomolecular interactions at the single molecule leve  have resulted in significant 
advances in our understanding of various biochemical processes. However, in many cases 
currently available fluorescent labels are not sufficiently bright and photostable for single 
molecule imaging and sensing in optically murky environments such as in living cells 
and tissues. Innovative approaches in designing brighter fluorescent probes are required 
for further advances in cellular imaging and sensing applications. In this chapter, a brief 
overview of single molecule approaches is presented, in combination with the discussion 
of the development of fluorescent probes for single molecule imaging and advanced 
sensing applications. 
1.1 Single molecule approaches to biology 
Single molecule optical detections, were first demonstrated in doped crystals at 
low temperatures,1, 2 and later at room temperature using near-field microscopy,3, 4 and 
confocal microscopy.5 The extension of single molecule fluorescence techniques to 
biology has resulted in new, exciting insights into bi molecular structure, conformation 
dynamics, and regulation within living cells.6, 7 In view of the complex structure-function 
relationship of proteins that are essential parts of organisms and participate in every 
  2 
process within cells, studies on protein dynamics will be used as examples to address the 
unique advantages of single molecule approaches over c nventional ensemble methods.  
Proteins are linear biopolymers that consist of specific sequences of amino acids, 
spontaneously forming three-dimensional (3D) structures in physiological conditions. 
Only correctly folded proteins have long-term stability in biological environments and 
are able to function with their natural partners. One of the great challenges in modern 
molecular biology is to understand how proteins find their native conformation (folded) 
starting from an initially random coil state (unfolded). The total number of possible 
conformations of a typical polypeptide chain is so large that a systematic search for a 
particular native state would take an astronomical length of time.8 It is now clear that the 
folding process does not involve a systematic search, but rather a stochastic selection of 
the many conformations accessible to a polypeptide chain,8 which ends in a stable native 
fold through a complex interplay between entropic and enthalpic contributions to the free 
energy of the system. Although classical fluorescence techniques can be used to study 
protein folding, they cannot unravel its stochastic nature because of ensemble averaging. 
However, the heterogeneity of folding pathways can be studied by single molecule 
spectroscopy (SMS), which lets us watch one molecule at a time, possibly leading to new 
insights into mechanisms of protein folding. In combination with Förster resonance 
energy transfer (FRET), it has enabled us to investigate intra-molecular distances and 
conformational dynamics of single protein molecules, including their folding, unfolding, 
and related functions.9, 10  
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Enzymes are a special class of proteins that catalyze biochemical reactions, which 
are needed in essentially every process in a biological cell. In terms of enzyme 
mechanisms, single molecule spectroscopy can allow the observation of transient 
intermediates that may be lost in ensemble measurements.11 For enzymatic reactions 
where multiple turnovers occur, molecules are not synchronized in their dynamic 
behavior – at a given time each enzyme molecule is at a different stage of the reaction 
sequence. With single molecule approaches, synchronization is not an issue since the 
reaction sequence of each molecule can be observed. This is particularly important for 
sequential reactions such as DNA synthesis, as well as a large number of other biological 
processes.11 Another kind of fascinating proteins is the so-called molecular motors that 
can transform chemical energy into directed movement. For example, the cargo protein 
kinesin uses the network of cytoskeletal fibers as roads to transport organelles, RNA, or 
signaling molecules to specific places within the cell.  Two controversial models were 
proposed for the “walking mechanism”: the hand-over-hand model, in which the two 
heads alternate in the lead, and the “inchworm” model, in which one head always leads. 
Selvin and co-workers specifically labeled a single head of the kinesin dimer site with the 
fluorescent dye Cy3, and applied single molecule tracking to localize the kinesin position 
with high precision, successfully unraveling the hand-over-hand walking model for 
kinesin motility.12  
The advancements in single molecule biophysics have resulted in an 
unprecedented understanding about cellular processes such as gene expression, protein 
transport, signaling, and regulatory processes.12-16 The performance of these single 
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molecule techniques is strongly dependent on the selection of fluorescent probes. For 
example, the FRET technique in the study of protein dy amics requires careful selection 
of bright and photostable fluorescent donor-acceptor air between which efficient energy 
transfer can occur. In single molecule fluorescence imaging and tracking of molecular 
motors, the imaging resolution and tracking accuracy is determined by the number of 
detected photons, since the position of a single emitt r can be localized to almost 
arbitrarily high accuracy if a sufficient number ofphotons are collected.17 There is 
currently much interest in the extension of single molecule methods to living cells. 
However, the currently available fluorescent labels are not sufficiently bright and 
photostable to overcome the auto-fluorescence and scattering within the cells, which 
reduces the signal-to-noise ratio, limits the imaging and tracking resolution, and therefore 
hinders further application of the single molecule approaches to a broad range of 
processes in living systems. This has generated considerable interest in the design and 
development of brighter and more photostable fluorescent probes. 
1.2 Fluorescent probes: from small molecules to nanoparticles 
The suitability of a fluorescent dye for single molecule detection is determined by 
a number of factors such as fluorescence brightness, emission rate, and photostability. A 
useful estimate of fluorescence brightness is given by the product of the peak absorption 
cross section and the fluorescence quantum yield – typical fluorescent dyes employed in 
fluorescence microscopy exhibit absorption cross sections in the range of 10-16-10-17 cm2 
and fluorescence quantum yields ranging from a few p rcent to nearly 100%. The limited 
brightness of conventional dyes and cellular autoflorescence results in signal-to-
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background ratio that is too low for single molecule fluorescence detection in living cells. 
If we assume a fluorescence quantum yield of 100% and a typical fluorescence lifetime 
of 5 ns, a fluorophore would have a maximum emission rate of 2×108 photons per second 
if it were always excited immediately after emitting a photon. However, owing to the 
intersystem crossing, a molecule may be transferred f om the excited singlet state to the 
triplet that has a very slow decay rate due to the forbidden transition. A fluorophore in 
such state will not emit any photons and until it retu ns to the ground singlet state that can 
be re-excited. Because of the so-called triplet saturation, typical fluorescent dyes exhibit a 
saturated emission rate on the order of 106 s-1.18 Furthermore, fluorophores undergo 
irreversible photobleaching upon intense laser irrad ation, due to photochemical reactions 
occurring in molecular excited states. The most photostable dyes such as Rhodamine 6G 
can emit only ~106 photons prior to irreversible photobleaching,19 insufficient for long-
term single molecule fluorescence tracking. In addition, the presence of long-lived triplet 
or charge-transfer states, which typically have little effect in bulk measurements, can 
cause sudden, reversible fluorescence intermittency (“blinking”), therefore complicating 
single molecule measurements.  
A number of strategies for developing brighter fluorescent probes have been 
pursued. Green fluorescent proteins (GFP) and some derivatives can in favorable cases be 
detected at the single molecule level.14 However, approximately 30 copies of GFP are 
required for long-term single molecule tracking inside cells.20 Fluorescent nanoparticles 
such as colloidal semiconductor quantum dots are under active development.21, 22 
However, these nanoparticles typically require an inorganic shell and a thick 
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encapsulation layer to reach the required levels of tability and biocompatibility. As a 
result, the encapsulation layers produce hydrodynamic diameters on the order of 20-30 
nm for a core/shell diameter of only 4-6 nm,23 which are sufficiently large to significantly 
alter biological function and transport of the biomolecules. While there has been recent 
work to reduce the thickness of the biocompatibility and encapsulation layers,24 low 
emission rates, blinking, and a significant fraction f “dark” particles continue to pose 
potential difficulties for single particle measuremnts.25 Dye-loaded latex or silica beads 
also possess relatively large sizes (>20 nm),26 and limited dye-loading concentration due 
to aggregation and self-quenching. These limitations f current luminescent particles 
provide clear motivation for exploring alternative strategies for the design of more highly 
fluorescent nanoparticles. 
1.3 Conjugated polymer dots as fluorescent probes 
Conjugated polymers are a special class of polymers that possess π electrons 
delocalized along their backbones. They have exhibited versatile electrical and optical 
properties, and have been widely used as active matrials in a broad range of electronic 
devices including organic light emitting diodes for flat panel displays, photovoltaic 
devices for solar energy conversion, thin-film transistors and chemical sensors.27-29 There 
is recent interest in the preparation and optoelectronic applications of conjugated polymer 
nanoparticles. A miniemulsion method was recently developed to prepare submicron 
sized conjugated polymer particles (~0.1 µm diameter),30, 31 and  device layers with 
controlled domain sizes were achieved by casting from mixtures of suspended particles.32 
Another approach based on reprecipitation has also been applied to obtain polythiophene 
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nanoparticles.33 These approaches prepare particles with a diameter of ~30 nm or higher 
that consist of hundreds of polymer molecules. In addition, ultrasensitive biosensors 
based on efficient fluorescence quenching of π-conjugated polyelectrolyte in aqueous 
solution have also been demonstrated.34, 35 However, a largely unexplored area is the use 
of π-conjugated polymer nanoparticles as fluorescent labels for advanced fluorescence 
imaging and sensing applications.  
The present study is to develop small sized conjugated polymer dots (CPdots) for 
single molecule imaging and sensing applications. The idea of using conjugated polymer 
dots as fluorescent probes is owing to a number of favorable characteristics of conjugated 
polymer molecules, including their high absorption cross sections (typically 10-15-10-14 
cm2), high radiative rates, high effective chromophore density, and minimal levels of 
aggregation-induced fluorescence quenching, resulting in fluorescence quantum yields in 
excess of 70%, even for pure solid films.36 The use of conjugated polymers as the 
fluorescent labels also confers other useful advantages, such as the lack of small dye 
molecules or heavy metal ions that could leach out into solution. Highly fluorescent 
CPdots as fluorescent tags directly addresses the need for brighter, more photostable 
fluorescent probes for single molecule detection in living cells. On the other hand, 
conjugated polymer dots represent a typical multichromophoric system containing 
disordered, densely-packed chromophores. Currently, the complex photophysical 
processes occurring on the nanoscale in these systems such as exciton-exciton coupling, 
energy diffusion, energy transfer, and charge transfer are not well understood. Thus the 
CPdots present a unique model system for studying energy transfer in nanostructured, 
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multichromophoric systems. A fundamental understanding of the nanoscale 
photophysical processes occurring in the CPdots is of great benefit to rationally develop 
probes for single molecule imaging, tracking and sensing applications. 
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CHAPTER 2 BASIC PRINCIPLES OF CONVENTIONAL AND SINGLE 
MOLECULE FLUORESCENCE SPECTROSCOPY 
 
 
2.1 Absorption and fluorescence 
 The suitability of fluorophores for single molecule imaging is dependent on their 
absorption and fluorescence properties. How readily a molecule or particle absorbs light 
at a given wavelength is characterized by molar extinction coefficient that is determined 
by the Beer-Lambert law 
lcA ⋅⋅= ε ,                                                  (2.1) 
where A is the absorbance of the sample, ε is the molar extinction coefficient (M-1cm-1), c 
is the sample concentration (M) and l is the sample pathlength (cm). The absorption at the 
single molecule level is often described by an absorption cross-section that is related to 
the molar extinction coefficient as follows 
AN
εσ 2303= .     (cm2)                                       (2.2) 
Having absorbed a photon, the molecule gains the energy, and jumps to an excited state, 
followed by various photophysical processes that can be illustrated in a Jablonski 
diagram. The Jablonski diagram in Figure 2.1 depicts the singlet ground state S0, first 
singlet excited state S1, first triplet excited states T1, and their associated vibronic states as 
well. The depopulation of the S1 state can occur with transition rate constants k via 
different channels: 








Figure 2.1 Jablonski diagrams for absorption, fluorescence, and energy transfer. 
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kR: Radiative (fluorescence); 
kNR: Non-radiative (heat or phonon emission); 
kISC: Intersystem crossing (S1→T1), followed by phosphorescence emission (kP); 
kB: Photobleaching (photochemical reactions); 
kET: Energy transfer to a different molecule (Discussed in section 2.2).  
The fluorescence quantum yield is the ratio of the number of photons emitted to 
the number absorbed. Since all these rate constants could depopulate the S1 excited state, 
the quantum yield φF, is given by 






=φ .                                         (2.3) 
The lifetime (τ ) of the excited state is defined by the average timhe molecule spends in 
the excited state prior to return to the ground state. It is usually expressed as the 
reciprocal value of the sum of all the transition rate constants of the involved processes 
BETISCNRR kkkkk ++++
= 1τ .                                        (2.4) 
Fluorescence quantum yield and lifetime can be experimentally determined by steady 
state and time-resolved fluorescence measurements, respectively. Considering a single 
fluorescent molecule ( 0=ETk , and generally, BISCNRR kkkk +>>+ ), fluorescence 
radiative rate kR can be estimated by combining the quantum yield [ )/( NRRRF kkk +=φ ] 
and fluorescence lifetime results [ )/(1 NRR kk +=τ ]. Typical fluorescent dyes exhibit 
fluorescence radiative rate constants on the order of ~108 s-1, which indicates the 
theoretical maximum emission rates from single molecul s. However, such large values 
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were observed very rarely (or only intermittently) in single molecule experiments. The 
solution of the rate equations leads to the well know  fact that the actual average 
emission rate R of a fluorescent molecule saturates at high excitation intensities due to the 



















,                                                  (2.5) 
where the excitation saturation intensity Is depends on the absorption cross-section σ, the 
fluorescence lifetime τ, and the triplet state population (kISC) and depopulation (kP) rates. 
Ie is the excitation intensity, and R∞ is the maximum fluorescence rate obtained 
asymptotically for infinite excitation rates.  
2.2 Förster resonance energy transfer (FRET)  
In multichromophoric systems such as conjugated polymers, a variety of 
photophysical processes occur on the nanoscale such as exciton diffusion and 
fluorescence quenching by dopant dye species or polarons. Different energy relaxation 
mechanisms account for these complex photophysical processes. Dexter transfer and 
Förster transfer are the two main mechanisms that describe the nonradiative energy 
transfer between two fluorophores in close proximity (<10 nm). Dexter transfer results 
from an electron exchange interaction, which requires an overlap in the wave functions of 
the energy donor and the energy acceptor. It is a short-range interaction (<2 nm), and 
must obey the spin conservation rules. Förster resonance energy transfer (FRET) 
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describes the energy transfer process between donor and acceptor due to a nonradiative 
dipole-dipole coupling, where the dipoles in this case represent the transition dipole 
moments of the molecules.38 It is a relatively long-range interaction (up to 10 nm), and 
strongly dependent on the distance between the two chromophores. FRET has 
experienced a resurgence of interest due to a number of merging applications such as 
studying protein dynamics, designing molecular beacon biosensors,39, 40 and developing 
optoelectronic devices.41 Here we focus on our discussion on the theoretical basics of 
Förster energy transfer.   
The Förster theory of resonance energy transfer is best understood by considering 
a single donor and acceptor separated by a distance R. The energy transfer rate (kET) with 
























= ,                             (2.6) 
where φD and τD are the fluorescence quantum yield and lifetime of the donor, 
respectively, in absence of the acceptor; κ2 is a configurational factor describing the 
relative orientation of transition dipoles of the donor and acceptor, it can be replaced by 
its average value <κ2>, which equals 2/3 for isotropic rotation; NA is Avogadro’s number; 
n is the refractive index of the medium; FD(λ) is the normalized emission spectra of the 
donor; εA(λ) is the molar absorption coefficient of the acceptor. In order to simplify our 
discussion, we neglect the intersystem crossing rate kISC and photobleaching rate kB of the 
donor (as expressed in Equation 2.3), since they ar much smaller as compared to the 
radiative rate and energy transfer rates. Because the nergy transfer rate kET depends on 
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R, it is convenient to define a distance R0 (Förster radius) at which the energy transfer rate 
kET is equal to the total decay rate (kET=τD-1=kR+kNR) of the donor in absence of the 












ET                                         (2.7) 
For single-molecule FRET, two approaches are generally used to experimentally 
determine the FRET efficiency E. One is the measurement of the fluorescence intensities 
from both the donor and the acceptor chromophores, and the calculation of the transfer 







=                                                     (2.8) 
where nA and nD are the numbers of photons detected from the acceptor and donor 
chromophores, respectively, and γ is a correction factor that takes into account the 
quantum yields of the dyes and the efficiencies of the detection system in the 
corresponding wavelength ranges. The second approach is the determination of the 
fluorescence lifetime of the donor in the presence (τA) and absence (τD) of the acceptor, 




τ−= 1                                                       (2.9) 
FRET efficiency determined by donor lifetime measurement or ratiometric measurement 
of the donor and acceptor emissions, is sensitive to the donor-acceptor distance and/or 
respective orientations. It is therefore extensively used to measure intermolecular 
interactions and to study molecular conformations.  
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2.3 Single molecule fluorescence detection  
Single molecule fluorescence detection is based on th usands to millions of laser-
induced excitation-emission cycles of the fluorophore. The basic principle and 
experimental design of single molecule imaging have be n reviewed during the past few 
years.9, 43, 44 Here we limit ourselves to describe schematically the two typical microscope 
geometries that are commonly used: confocal microscopy and wide-field microscopy 
(Figure 2.2). In the confocal geometry (a), a laser b am is focused onto the back focal 
plane of a high numerical aperture objective lens, which focuses the excitation light into a 
diffraction limited volume (focal volume) in the sample. Fluorescence emitted by 
molecules present in this volume is collected by the same objective and transmitted 
through dichroic mirrors, lenses, and color filters to one or several single channel 
detectors such as single photon avalanche photodiodes (APD) operating in Geiger mode. 
An important aspect of this geometry is the presence of a pinhole in the detection path (at 
the back focal plane of the objective), whose size and position is chosen such as to reject 
light originating from outside the focal volume. In the case of APD detectors, a pinhole is 
often not required due to the small active area of the detector. The wide-field geometry 
can be used in two different modes: (b) epifluorescence, and (c, d) total internal reflection 
fluorescence (TIRF). In wide-field epifluorescence (b), a laser beam focused at the back 
aperture of the objective, which illuminates large sample volume (large beam size at the 
sample focal plane) as compared to the confocal geometry. In TIRF, a laser beam is 
shaped in such a way that a collimated beam reaches the glass-air interface at an angle 
above the critical angle [θ  = sin-1(nair/nglass)], where n designates the index of refraction. 






Figure 2.2 Experimental geometries in single-molecul  fl orescence detection. 
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This creates an evanescent wave (decay length of a few hundreds nanometers) in the 
sample, which only excites the fluorescence of the molecules in the vicinity of the 
surface, resulting in reduced background as compared to standard epifluorescence. TIRF 
can be obtained either with illumination through the objective (c) or by coupling the laser 
through a prism (d). A wide-field detector (CCD camera) is generally used in all the three 
wide-field geometries, allowing the recording of several single-molecule signals in 
parallel. Individual intensity trajectories can be extracted from movies, resulting in 
similar information as that obtained with the confocal geometry.  
We now discuss the optical components of the microscope, which determine the 
overall collection efficiency and ultimately affect the signal-to-noise ratio in the 
experiment. A key optical component of single molecu  setup is the microscope 
objective, which on one hand focuses the excitation laser beam into a small volume, and 
on the other hand collects the emission light from the sample. Numerical aperture (NA) is 
the most important parameter associated with each objective. It provides a measure of its 
light gathering ability, and can be expressed as  
θsin⋅= nNA ,                                               (2.10) 
where n is the refractive index of the immersion oil/glass coverslip (n = 1.515) and θ is 
the maximum incident light half angle. Numerical apertures in single molecule 
experiments typically range from NA = 0.9 to 1.45, with higher NA objectives being able 
to gather more light. For example, an objective with NA of 1.25 shows a maximum half 
angle θ  = 55.6°. Based on this objective and assuming an isotropic point emission 
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source, the collection efficiency of the objective can be determined by the following 













ddobj .                                         (2.11) 
This equation can be readily integrated to yield ηobj = 0.22, which implies that the 
objective collects 22% of any isotropically emitted light. In practice, however, both the 
orientation of the transition dipole as well as thepr sence of a higher-refractive-index 
substrate will modify the objective’s actual collection efficiency. The overall microscope 
detection efficiency η is now a product of ηobj along with the transmission efficiencies of 
other optical elements in the system. The efficienci s of both a dichroic beamsplitter and 
a dielectric barrier filter can be estimated based on their transmission curves. The last 
element to consider is the quantum efficiency of the detector. Despite the use of high-
efficiency filters and dichroic mirrors, as well assingle-photon-sensitive detectors, the 
typical collection efficiency of single-molecule imaging microscopes ranges from 1% to 
10%. 
Once the emission light from a fluorophore has been collected, the signal-to-noise 
ratio is the last factor dictating whether single-molecule detection is feasible. We can 
estimate the signal-to-noise ratio (SNR) in a hypothetical single molecule experiment.  
Based on the discussions in Section 2.1, we first calculate the number of detected photons 









N ,                                         (2.12) 
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where I is the excitation intensity (Watt/cm2), hν is the photon energy of the excitation 
light, η is the total collection efficiency of the microscope, and τint is the integration time 
of the detector. Rhodamine 6G dye molecule is used as an example in the hypothetical 
experiment, which exhibits a molar extinction coefficient of 1.1×104 M-1cm-1 at 532 nm 
and quantum yield approaching unity. The absorption cross-section can be converted 
from Equation 2.2, and the obtained value is σ = 4.3×10-16 cm2. Assuming the excitation 
intensity I = 100 W/cm2, the collection efficiency η = 5%, and the integration time τint = 
0.2 s, which are typical values in a single molecul experiment, the number of detected 
photons N is estimated to be 1.0×103 photons. However, there are actually many potential 
sources of unwanted noise in an experiment. A general SNR expression in a single 







= .                                       (2.13) 
While background noise (nbkg) from other parts of the sample or from other undesired 
fluorophores will all reduce the signal-to-noise ratio, their contributions are generally 
suppressed by a careful choice of optics, solvents, substrates, and sample preparation 
conditions. The detector also contributes noise through dark counts (ndark) and readout 
noise (nread); however, the former can be practically eliminated by cooling the detector, in 
the case of CCD and APD detectors. For CCDs, the major detector contribution to noise 
is therefore readout noise, which originates in the amplifiers in the detector circuitry, and 
which is typically on the order of a few photons. For the case of EMCCDs (electron 
multiplied CCDs), the readout noise is well below a single photon. Therefore, as can be 
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seen from Equation 2.13, the major source of noise in a carefully constructed 
measurement is Poisson (shot) noise due to the signal itself. In most cases, the Poisson 
noise alone can be used to determine the possible SNR value, resulting in the expression 
as below  
       NSNR =  .                                               (2.14) 
For the hypothetical experiment using Rhodamine 6G molecule, the number of detected 
photons in 0.2 s is 1.0×103, and then SNR is calculated to be ~32, thus indicating that it is 
possible to view single molecules with reasonable contrast under these typical conditions.  
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CHAPTER 3 EXPERIMENTAL 
 
 
3.1 Nanoparticle preparation 
 The conjugated polymers employed in this study are polyfluorene derivative 
poly(9,9-dihexylfluorenyl-2,7-diyl) (PDHF, average MW 55,000, polydispersity 2.7), 
poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO, MW 147,00, polydispersity 3.0), the 
copolymer poly[{9,9-dioctyl-2,7-divinylene-fluorenylene}-alt-co-{2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylene}] (PFPV, MW 270,000, polydispersity 2.7), Poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1’,3}-thiadiazole)] (PFBT, MW 10,000, 
polydispersity 1.7), and the polyphenylenevinylene d rivative Poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV, MW 200,000, polydispersity 4.0).  
These polymers were purchased from ADS Dyes, Inc. (Quebec, Canada). Another 
polymer Poly(2,5-di(3′,7′-dimethyloctyl)phenylene-1,4-ethynylene (PPE), fluorescent 
dyes such as perylene, nile red, and tetraphenylporphyrin (TPP), and the solvent 
tetrahydrofuran (THF, anhydrous, 99.9%) were purchased from Sigma-Aldrich 
(Milwaukee, WI). The phosphorescent dye platinum (II) octaethylporphine (PtOEP) was 
purchased from Frontier Scientific, Inc. Coumarin 1 and Coumarin 6, and [2-[2-[4-
(dimethylamino)phenyl]ethenyl]-6-methyl-4H-pyran-4-ylidene]-propanedinitrile (DCM) 
were purchased from Exciton (Dayton, OH). All chemicals were used without further 
purification. Figure 3.1 shows the chemical structures of the conjugated polymers. 
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We have demonstrated a facile method for preparation of a variety of conjugated 
polymer nanoparticles.46, 47 The procedure is modified from the reprecipitation methods 
employed by Kurokawa and co-workers.33 The preparation involves a rapid mixing of a 
dilute solution of polymer dissolved in a water-miscible organic solvent with water. The 
rapid mixing with water leads to a sudden decrease in solvent quality, resulting in the 
formation of a suspension of hydrophobic polymer nanoparticles. In a typical preparation, 
20 mg of conjugated polymer was dissolved in 10 g of HPLC grade tetrahydrofuran 
(THF) by stirring overnight under inert atmosphere and the solution was filtered through 
a 0.7 micron glass fiber filter in order to remove any insoluble material. For preparation 
of small sized particles, the solution was further diluted to a concentration of 20 ppm. A 
quantity of 2 mL polymer/THF solution was added quickly to 8 mL of deionized water 
while sonicating the mixture. The suspension was filtered with a 0.2 micron membrane 
filter. The THF was removed by partial evaporation under vacuum, followed by filtration 
through a 0.2 micron filter. Overall yield of the nanoparticles was typically higher than 
90%. The resulting nanoparticle dispersions are clear, with colors similar to those of the 
polymers in THF solution.  
The reprecipitation process involves a competition between aggregation and chain 
collapse to form nanoparticles. Therefore, the particle size can be controlled by adjusting 
the polymer concentration in the precursor solution. To obtain nanoparticles with 
different sizes, three concentrations of a given polymer precursor were prepared, and the 
solutions (2 mL of 20 ppm, 100 µL of 1000 ppm, and 100 µL of 2000 ppm, respectively) 
were injected to 8 mL water, respectively. The THF was removed by partial vacuum 
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evaporation, and a small fraction of aggregates were r moved by filtration through a 0.2 
micron membrane filter. Higher precursor concentrations resulted in larger particle sizes.  
Since the hydrophobic interaction is the primary driving force for nanoparticle 
formation, it is possible to introduce different hydrophobic fluorescent species during 
nanoparticle formation. Blended and dye-doped CPdots were prepared as follows. The 
host polymer solution was diluted to a concentration of 40 ppm. A given fluorescent 
dopant species (either conjugated polymers or fluorescent dyes such as perylene, 
coumarin 6, nile red, TPP, or PtOEP) was also dissolved in THF to make a 100 ppm 
solution. Varying amounts of a dopant dye solution were mixed with a polymer host 
solution to produce solution mixtures with a constat host concentration of 40 ppm and 
dopant/host fractions ranging from 0-10 weight percent. The mixtures were agitated to 
form homogeneous solutions. A 2 mL quantity of the solution mixture was added quickly 
to 8 mL of deionized water while sonicating the mixture. The resulting suspension was 
filtered through a 0.2 micron membrane filter. The THF was removed by partial vacuum 
evaporation, followed by filtration through a 0.2 micron filter. The resulting nanoparticle 
dispersions are clear and stable for months with no signs of aggregation.  
3.2 Characterization methods 
A variety of spectroscopic and microscopic techniques were employed to 
characterize the CPdots. The nanoparticle morphology and size distribution were 
characterized by atomic force microscopy (AFM). Steady-state and time-resolved 
spectroscopy were used to investigate the optical properties of the CPdots. Finally, single 
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particle fluorescence and cellular imaging were performed to evaluate the CPdots for 
single molecule applications.   
3.2.1 Atomic force microscopy.  The atomic force microscopy (AFM) is one of 
the family of techniques known as “scanning probe microscopy,” which also includes 
such techniques as scanning-tunneling microscopy (STM). The AFM was developed in 
1986 by Binnig, Quate, and Gerber, a few years after th  development of STM.48 In a 
general sense, these microscopes reveal information bout the surface properties of 
materials by scanning the surface with a small probe. The AFM consists of a small tip or 
probe mounted in a piezoelectric scanner, a positioning stage supporting the scanner, an 
electronic interface unit (EIU) and a computer contr lling the entire system. As the probe 
is “rastered” over the surface, the EIU maintains a condition of constant force between 
surface and probe by adjusting the height (Z dimension) of the probe. The movement of 
the tip over the surface is controlled by a piezoelectric ceramic, which can move in the X, 
Y, and Z directions in response to applied voltages. The tip is attached to a spring in the 
form of a cantilever. As the tip moves over the surface, the cantilever bends back and 
forth in the Z direction. A laser beam is directed onto the cantilever and as the cantilever 
bends, the movement of the reflected beam is detected by a photo diode. A feedback 
circuit integrates this signal and applies a feedback voltage so that the bending of the 
probe cantilever is held constant as the tip is scanned across the surface. The image of the 
surface morphology is built up as a series of scan lines, as the piezo moves along the X 
and Y directions to scan the sample. Each line displaced in the Y direction from the 
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previous one, which is a plot of the voltage applied to the Z piezo as a function of the 
voltage applied to the X piezo. 
Depending on the application, the AFM can be operated in a number of modes, 
which require different cantilevers with different mechanical properties. The principal 
imaging modes are: contact mode, non-contact mode, and intermittent contact mode (also 
known as AC or “tapping” mode). In the contact mode, the tip is in contact with the 
sample and the tip-sample distance is in the steep, r pulsive part of the tip-sample force 
curve. The cantilever deflection is used as a feedback signal and the repulsive force 
between the tip and the surface is kept constant during scanning by maintaining a 
constant deflection. Contact mode works best in situations where the material to be 
imaged is reasonably hard and the surface topography does not have abrupt edges or tall, 
steep features. Non-contact mode is similar to contact mode, but the tip-sample distance 
is maintained in the attractive part of the tip-sample force curve.  Typically, non-contact 
mode suffers from difficulties in maintaining stable feedback conditions and reduced 
resolution due to the relatively weak attractive forces involved.  In the intermittent 
contact mode, the cantilever is externally oscillated at or close to its fundamental 
resonance frequency. The oscillation amplitude and phase are modified by (primarily 
repulsive) tip-surface interaction forces. These changes in oscillation with respect to the 
external reference oscillation provide information about the surface's characteristics. 
Intermittent contact mode typically yields better rsolution than non-contact mode and 
generally works better than contact mode for soft surfaces, surfaces with steep features, 
and loosely bound materials such as particles and biomolecules loosely adsorbed to a 
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surface – in contact mode, the tip often tends to push molecules and particles, resulting in 
movement of particles during scanning.  
For the AFM measurements, one drop of the nanoparticle dispersion was placed 
on a freshly cleaned glass substrate. After evaporation of the water, the surface 
topography was imaged with an Ambios Q250 multimode AFM in intermittent contact 
mode. Since the properties of the piezoelectric scanner change with age, temperature and 
use, calibration must be performed periodically. Calibr tion using a standard of known 
dimensions (e.g., a diffraction grating) is a necessary procedure which sets the ability of 
the instrument to accurately measure distances in X, Y and Z. Detailed calibration 
procedure can be found in the operator’s manual of the Ambios Q250 AFM. The tip 
effect in AFM is another factor affecting the measurement accuracy in X, Y directions. 
The lateral dimension of a nanometer object measured by AFM is closely correlated with 
the tip width: a fresh and sharp tip may result in apparent lateral dimension close to the 
actual size (still slightly larger), while a used and degraded tip may lead to much larger 
lateral size. Therefore, the Z height is a more reliable measure of the particle diameter 
when characterizing the diameters of spherical particles such as the CPdots. A number of 
scanning parameters such as scan size, scan rate, and sc n resolution can also affect the 
measurement accuracy. For AFM in our lab (Ambios Q250 multimode), a detailed 
description of each scanning parameter is given in Chapter 3 of the AFM operator’s 
manual. In a typical AFM measurement of small sized CPdots (<30 nm), the typical 
parameters were set as: scan size: 2 µm, scan rate: 0.5 Hz, and scan resolution: 500 lines. 
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3.2.2. UV-Vis and fluorescence spectroscopy.  UV-Vis absorption spectra were 
recorded with a Shimadzu UV-2101PC scanning spectrophot meter using 1 cm quartz 
cuvettes. The fluorescence spectra were obtained using a commercial fluorometer 
(Quantamaster, PTI, Inc.). Fluorescence quantum yields of various CPdots were 
determined by a comparative method employing standard fluorescent dyes with known 
quantum yield values. Essentially, solutions of thestandard and CPdot samples with 
identical absorbance at the same excitation wavelength can be assumed to be absorbing 
the same number of photons. Hence, a simple ratio of the integrated fluorescence 
intensities of the two solutions (recorded under idntical conditions, and assuming similar 
emission spectra) will yield the ratio of the quantum yield values. Since quantum yield of 
the standard dyes are known, it is straightforward to calculate the quantum yields for the 
CPdots. In practice, however, we need to take into account a number of considerations: 
(1) using dilute solution (absorbance ~0.1) of both the standard and CPdots to avoid the 
inner filter effect; (2) including the solvent refractive indices in the quantum yield 
calculation φF,x = φF,std (Ix/Istd)(nx/nstd)2, where the subscripts std and x denote standard and 
CPdot respectively, φF is the fluorescence quantum yield, I is the integrated fluorescence 
intensity, and n is the refractive index of the solvent.  
Photobleaching measurements were performed using methods similar to those 
described elsewhere,19 but using the light source built in the fluorometer. The slit widths 
on the excitation monochromator of the fluorometer w re adjusted slightly to generate 
illumination light (wavelength corresponding to the p ak absorption of the CPdots) with a 
power of 1.0 mW as determined by a calibrated photodi de (Newport model 818-sl). The 
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light was focused into a quartz cuvette containing constantly stirred nanoparticle 
dispersion with an absorbance of 0.10. The fluorescence intensity at a specific 
wavelength was recorded continuously over a time period of 2 hours. By comparison of 
the photobleaching kinetics of a sample to the photobleaching kinetics of a standard of 
known absorbance, the photobleaching quantum yield of a given sample was determined.  
From the photobleaching quantum yield and the fluorescence quantum yield, the photon 
number N was determined using equation N = φF /φΒ . 
3.2.3 Two-photon excited fluorescence. The fluorescence brightness for two-
photon excited fluorescence is characterized by the two-photon action cross-section, 
which is the product of the two-photon absorption cross-section σ2p and the fluorescence 
quantum yield φF. The two-photon action cross sections were determined as a function of 
wavelength using a home-built two-photon fluorescence spectrometer. A mode-locked, 
tunable Ti:sapphire laser (Coherent Mira 900) providing ~100 fs pulses at a repetition 
rate of 76 MHz with a tuning range of 770 to 870 nmwas used as the light source for 
two-photon excitation. The laser beam was focused by a glass lens (f.l.=30 mm) into a 
quartz cuvette containing an aqueous dispersion of CPdots. The two-photon excited 
fluorescence was collected in a perpendicular geometry using a 50 mm focal length lens, 
filtered by the combination of a Schott glass BG-38 filter and two 700 nm short-pass 
filters (Andover 700 FL07) in order to remove scattered laser light, and focused onto a 
single photon avalanche diode module (Perkin Elmer, SPCM-AQR). The count rate was 
determined using a 100 MHz bandwidth frequency counter (EZ Digital, FC7015). As 
shown in Figure 3.2, the sample holder, lens, filters, and the detector were placed in a 
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small dark box, and then covered by a larger dark box to reduce the amount of 
background signal due to leakage of room light to acceptable levels. A dilute dispersion 
of polystyrene beads was used to estimate the contribution of scattered laser light to the 
background signal, which was determined to be less than 500 Hz under typical laser 
excitation conditions. In actual measurement, laser power was attenuated with a variable 
neutral density filter wheel, and measured using a calibrated photodiode (Coherent 
LaserCheck). The count rate due to fluorescence is in the range of 20-300 kHz, much 
higher than the count noise and well below the saturation of the detector. Fluorescence 
counts were recorded and plotted versus various excitation powers to confirm the two-
photon excited process and calculate the two-photon action cross section at a given 
excitation wavelength. The process was repeated for several wavelengths in order to 
determine the two-photon excitation spectrum. The above method was validated by 
determining the two photon excitation spectrum of Rhodamine B using Lucifer yellow as 
a standard. The determined two photon action spectrum for rhodamine B is consistent 
with literature results for the absolute two-photon action cross-section.49 Finally, 
Rhodamine B and Lucifer yellow were used as standard yes to measure the two-photon 
action cross-sections and excitation spectra of the CPdots.  
3.2.4 Time-correlated single-photon counting. The fluorescence lifetimes of 
the CPdots were measured using time-correlated single-photon counting (TCSPC). The 
principle of TCSPC is based on pulsed optical excitation of a sample, the detection of 
single photons of the periodic sample fluorescence signal, the measurement of the time 
difference between excitation pulse and fluorescence photon, and the reconstruction of 
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the fluorescence decay waveform from the individual time measurements. The schematic 
diagram of TCSPC is shown in Figure 3.3. The experim nt starts with an optical pulse 
that excites the samples and sends a timing pulse to the electronics. This signal pulse is 
passed through a constant fraction discriminator (CFD), which generates an accurate 
timing pulse of proper voltage and polarity from a source with pulse-to-pulse amplitude 
variations (in effect, it “cleans up” the timing pulse). This output pulse of the CFD is 
passed to the “start” input of a time-to-amplitude converter (TAC), which then starts a 
voltage ramp that increases linearly with time on the nanosecond timescale. A second 
detector detects a single emission photon (associated with the excitation pulse), and 
generates a pulse. The detector pulse is passed to a CFD, which sends a pulse to the 
“stop” input of the TAC to signal it to stop the voltage ramp. The TAC now contains a 
voltage proportional to the time delay between the excitation and emission pulses. The 
voltage signal from the TAC was digitized using a multichannel analyzer to construct a 
histogram of individual photon arrival times which represents the fluorescence decay 
waveform. 
In our experiment, a given CPdot sample was excited by the second harmonic 
(400 nm, ~100 fs pulse duration, ~76 MHz repetition rate) generated from a mode-locked 
femtosecond Ti:Sapphire laser (Coherent Mira 9000) using a BBO doubling crystal (beta 
barium borate crystal, 100 microns, AR-coated, cut for ype I SHG). The output of a fast 
PIN diode (Thorlabs, DET210) monitoring the laser pulse was used as the start pulse for 
a time-to-amplitude converter (TAC, Canberra Model 2145). Fluorescence signal from 
the aqueous nanoparticle dispersion was collected in perpendicular to the excitation, 
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passed through appropriate emission filters (selectd o match the fluorescence 
wavelengths of the various CPdots), and detected by a high speed single photon counting 
module (id Quantique, ID100-50, ~20-30 ps timing resolution). The output pulse of the 
detector was used as the stop pulse for the TAC. The TAC can only accept one stop pulse 
per start pulse (subsequent stop pulses are ignored), so the laser was attenuated to 
maintain the count rate below 20 kHz in order to reduce nonlinearities by ensuring that 
the probability of two photons arriving at the detector due to a single laser pulse was well 
below 1%. The signal from the TAC was digitized using a multichannel analyzer 
(FastComTec, MCA-3A). The instrument response functio  was measured before and 
after each fluorescence lifetime measurement using the scattered laser light from a dilute 
suspension of polystyrene beads. The combination of the detector and electronics results 
in an instrument response function with a width of ~50 ps (FWHM). By using 
appropriate fitting methods based on comparing the tim -resolved fluorescence to the 
convolution of the instrument response function with an exponential decay function, 
fluorescence time constants as short as 20-30% of the FWHM of the instrument response 
function can be reliably extracted.42 Custom software written in the MATLAB 
environment (Mathworks) employing fast fourier transform methods to perform the 
required  convolutions and using Nelder-Mead (downhill simplex) optimization 50 or a 
custom multigrid search method was employed to determine fluorescence lifetimes from 
the TCSPC data.42 Statistical analyses yielded an estimated uncertainty in lifetime of 
roughly 10% (somewhat higher for lifetimes of less than 100 ps). At least 6 experimental 
runs were performed on each sample (alternating between the fluorescent sample and the  
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nonfluorescent scattering sample used for determination of the instrument response 
function), and coumarin 6 dissolved in ethanol was used as a lifetime standard in order to 
validate proper functioning of the instrument. In addition, the timing of the TCSPC 
apparatus was precisely calibrated periodically by comparing the time between 
subsequent laser pulses on the TCSPC setup with the repetition rate of the mode-locked 
Ti:Sapphire laser as determined by a precision frequency counter. 
3.3 Single particle imaging/spectroscopy setup 
3.3.2 Wide-field microscope for single particle imaging and kinetics. Sample 
preparation for single particle fluorescence imaging experiments consists of drop-casting 
a dilute CPdot suspension onto a cleaned microscope v r glass. Single particle 
fluorescence imaging was performed on a customized wide-field epifluorescence 
microscope described as follows. The 488 nm laser beam from an argon laser (or 405 nm 
laser beam from a diode laser) is guided onto the epi-illumination port of an inverted 
fluorescence microscope (Olympus IX-71). Inside the microscope, the laser beam is 
reflected by an appropriate longpass dichroic mirror (Chroma 420 DCLP or Chroma 500 
DCLP), and focused onto the back aperture of a high numerical aperture objective 
(Olympus Ach, 100X, 1.25 NA, Oil). The laser excitation at the sample plane exhibits a 
Gaussian profile with full width at half maximum of~5 microns. Fluorescence from 
CPdots is collected by the same objective lens, passes through the dichroic mirror, and is 
focused by the microscope optics to form an image at the side port of the microscope.   
Outside the microscope, the fluorescence light is then filtered by appropriate longpass 
filters and then refocused by an additional lens (achromat, 75 mm focal length, placed  








Figure 3.4 Wide-field microscope for single particle imaging and kinetics. 
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150 mm after the side port and 150 mm before the CCD) onto a back-illuminated frame 
transfer CCD camera (Princeton Instruments, PhotonMAX: 512B). The CCD camera 
possesses a square sensor chip with 512×  pixels (pixel size: 16×16 µm). A spherical 
object with diameter of 70 µm on a calibration slide was imaged on the CCD chip using 
white-light illumination (transmission image). The pixel resolution of the microscope was 
determined by comparing the image size (object width n pixels multiplied by the pixel 
size) with the actual size, resulting in a pixel resolution of 105 nm/pixel. The overall 
fluorescence collection efficiency was estimated according to the collection efficiency of 
the microscope objective (provided by the manufacturer) along with the transmission 
curves of the dichoric mirror, filters, and the quantum yield of the detector, yielding the 
total collection efficiency of 3-5%. This value is confirmed by using Nile red loaded 
polystyrene spheres (Molecular Probes). The absorption cross-section and fluorescence 
quantum yield were estimated according to the specification of this probe (Molecular 
Probes). The laser excitation intensity for a given particle was calculated based on the 
measured laser power and laser excitation profile. The number of detected photons per 
second (under excitation conditions maintained well b low saturation) was calculated 
from the integrated CCD intensity for a given particle based on the quantum efficiency of 
the CCD detector (provided by the manufacturer) andthe ADC gain of the CCD chip. 
The calculated value was compared with the theoretical number of photons emitted per 
particle per second, leading to a value consistent with the estimated collection efficiency.   
3.3.2 Confocal microscope for single particle imaging and kinetics with 
two-photon excitation. Single particle two-photon fluorescence imaging was performed  
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on a custom-built sample-scanning confocal microscope described as follows. The light 
source for two-photon imaging is a mode-locked Ti:sapphire laser (Coherent Mira 900) 
providing ~100 fs pulses at a repetition rate of 76 MHz and tunable from 770 to 870 nm. 
The laser beam is expanded and focused onto the focal plane of the epi-illumination port 
of an inverted fluorescence microscope (Olympus IX-71). Inside the microscope, the 
laser beam is reflected by a shortpass dichroic mirror (Chroma 675DCSX) towards the 
back of a high numerical aperture objective (Olympus Ach, 100X, 1.25 NA, Oil) and is 
focused to a nearly diffraction-limited spot. Fluorescence from CPdots is collected by the 
same objective lens and filtered by the combination of a BG-38 filter (Schott glass) and 
two 700 nm shortpass filters (Andover 700 FL07).  The fluorescence is then focused onto 
a single photon avalanche diode module (Perkin Elmer, SPCM-AQR) and the 
fluorescence counts are recorded using a 100 MHz counter card (NI-PCI-6602, National 
Instruments). The coverslip is mounted on a piezoelectric XYZ scanner (P-517.3CL, 
Polytec PI) connected to the analog outputs of a multifunction data acquisition card (NI-
PCI-6036E, National Instruments). Images were acquired by raster scanning the sample 
under the control of custom data acquisition software written in the LabView 
environment (National Instruments). A schematic of the apparatus is shown in Figure 3.2. 
After an image is obtained, a particular particle can be placed into the focus (under 
computer control) so that single particle spectroscopy and photobleaching kinetics 
measurements can be performed. 
3.3.3 Cellular Imaging. For cellular imaging, J774.A1 macrophages (ATCC, 
Manassas, VA) were plated at 2×105 cells/dish onto 35 mm glass-bottom microscope 
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dishes (Matek, Ashland, MA), and allowed to incubated overnight (5% CO2, 37°C). 
Next, 300 µL of sterile filtered nanoparticle dispersions (~ 1 nM) were added to the cells 
and allowed to incubate for 12 hours. The cells were then washed three times with warm 
Ringer’s buffer before viewing. Images were acquired on an inverted microscope 





  41 
CHAPTER 4 MULTICOLOR CONJUGATED POLYMER DOTS FOR  
SINGLE MOLECULE IMAGING 
 
 
In this chapter, we present the preparation of multicolored CPdots (conjugated polymer 
nanoparticles), and their photophysical characteristics relevant for demanding 
applications such as single particle imaging in living cells. These CPdots were 
characterized in terms of their size, per-particle fluorescence brightness, emission rate, 
and photostability. Single particle fluorescence imaging and kinetic studies indicate much 
higher emission rates (~108 s-1) and little or no blinking of the CPdots as compared to 
typical results for single dye molecules and quantum dots. Photobleaching results for 
various CPdots reveal excellent photostability – as m ny as 109 or more photons emitted 
per nanoparticle prior to irreversible photobleaching. Cellular uptake of the nanoparticles 
via endocytosis was observed. The extraordinary brightness of the CPdots, high emission 
rates, small particle diameters, and the demonstration of cellular uptake indicate that 
CPdots are promising probes for demanding fluorescence applications such as single 
molecule detection and tracking in live cells. The major results presented in this chapter 
have appeared in journal articles that have been published. 46, 51 
4.1 Nanoparticle size and morphology 
We have first demonstrated the preparation of small nanoparticles (~10 nm) of a 
variety of hydrophobic conjugated polymers.46, 47 Aqueous dispersion of PDHF, PFPV, 
and MEH-PPV dots were prepared by the  procedure that is modified from the 
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reprecipitation methods employed by Kurokawa and co-workers.33 The nanoparticles are 
stable for weeks, with no evidence of aggregation or decomposition. The CPdot 
dispersions were drop-cast onto silicon substrates for analysis of nanoparticle size and 
morphology by an AFM in intermittent contact mode. Figure 4.1 shows the AFM images 
of various nanoparticles on silicon substrates. Thenanoparticles exhibit a roughly 
spherical morphology and they can form either a densely packed layer (Figure 4.1a) or a 
sparse layer of well-separated nanoparticles (Figure 4.1b and 4.1c) depending on drop-
casting conditions. Detailed analysis of the particle morphology indicates that the 
majority of particles are approximately spherical in shape. Further indication that most 
particles are approximately spherical is that the aspect ratio obtained from the AFM 
images of the nanoparticles is similar to that obtained for 20 nm latex spheres (Molecular 
Probes). In addition, the nearest-neighbor spacing of dense arrays is similar (within 
measurement uncertainty) to the particle height. The observation of approximately 
spherical morphology is somewhat surprising considering that the rigid, planar, sp2 
hybridized backbone of conjugated polymers is known to exert a large influence over 
polymer conformation.52  However, given the large interfacial tension between the 
polymer and water and the large surface-to-volume ratio of the nanoparticles, a collapsed, 
roughly spherical polymer conformation is thermodynamically favored, even for 
somewhat rigid polymers, according to theory53 and experiment.54 Additionally, there is 
evidence that the vinylene linkages are not as rigid as previously believed – some 
calculations have indicated that the energy required to bend a conjugated polymer chain  
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Figure 4.1 Nanoparticle size and morphology of conjugated polymer dots. 
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by generating a tetrahedral defect is thermally accessible.55 However, while this result 
helps explain the morphology of phenylene-vinylene conjugated polymers, the nature and 
thermodynamics of kinks in phenylene-ethynylene andfluorene-based polymers remains 
unclear. 
A particle height analysis was done on AFM images of sparse layers, and the 
corresponding histograms are shown in Figure 4.1 (right). The majority of nanoparticle 
diameters are in the range of 3-7 nm, 8-12 nm, and 5-14 nm for PDHF, PFPV, and MEH-
PPV nanoparticles, respectively. The average diameters of the nanoparticles are 
consistent with roughly spherical single molecules of conjugated polymer, assuming tight 
packing of the polymer chain. For MEH-PPV, the much larger size range is attributable 
to the large polydispersity of the precursor polymer. While there are batch-to-batch 
variations (with a small fraction of aggregates), the size distributions of the nanoparticles 
prepared from starting solution less than 20 ppm are consistent with roughly spherical 
single molecules of conjugated polymer with the molecu ar weight and polydispersity of 
the precursor polymer.  
Since the reprecipitation process involves a competition between aggregation and 
chain collapse to form nanoparticles, the particle size can be controlled by adjusting the 
polymer concentration in the precursor solution. To explore the effect of precursor 
concentration on particle size, we focus our discusion on two polymers that form highly 
photostable nanoparticles: PPE and PFBT. PPE dots were prepared using different 
concentrations of the polymer in the precursor solution ranging from 20 ppm to 2000 
ppm. As shown in the AFM image of Figure 4.2a, the PPE nanoparticles also exhibit an 






Figure 4.2 Nanoparticle size distributions of PPE and PFBT dots prepared with 
different precursor conditions. 
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approximately spherical shape. Analysis of particle height indicates that the nanoparticles 
produced using the lowest precursor concentration pssess small particle size and a 
relatively narrow size distribution (8±1 nm diameter), while those prepared from more 
concentrated precursor solutions exhibited larger diameters. PFBT dots that were  
prepared using a range of concentrations of the precursor solution exhibit a similar trend 
– the PFBT dots obtained using a dilute solution exhibit relatively small particle size and 
size distribution (10±3 nm), while those prepared using higher precursor concentrations 
exhibit larger size (Figure 4.2b). The specific particle size and size distribution are also 
dependent on the polymer species (as well as other conditions that may affect the mixing 
and aggregation rates). For example, the larger PFBT dots in Figure 4.2b exhibit a 
relatively broad size distribution (25±10 nm) and a substantial fraction of small dots. 
PFPV dots prepared under the same conditions exhibited much larger particle sizes, in the 
range of 50-70 nm. The size differences are likely due to differences in the molecular 
weight, polydispersity, and interchain interactions f the different polymers.  
4.2 Steady state and time-resolved fluorescence spectrosc py 
The aqueous CPdot suspensions obtained from various c njugated polymers are 
stable and clear (not turbid), presenting colors associated with their visible absorption 
spectra. Under UV lamp illumination (365nm), the nanoparticle dispersions exhibit 
strong fluorescence with a wide variety of colors, a  shown in Figure 4.3 (top). The 
changes in the absorption spectra and fluorescence spectra upon particle formation vary 
depending on the polymer (Figure 4.3a and 4.3b). For PFBT, PFPV, and MEHPPV, the 
absorption spectra are broadened and blue-shifted as compared to those of the polymer in 
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THF solution, which is consistent with an overall decrease in the conjugation length due 
to bending, torsion, and kinking of the polymer backbone. The nanoparticles also (in 
most cases) exhibit a slightly red-shifted fluorescence and a long red tail as compared to 
the polymer in organic solvent. This is attributable to increased interchain interactions 
due to chain collapse, resulting in a fraction of red-shifted aggregate species.46 The 
resulting energetic disorder, combined with multiple energy transfer, would result in a net 
red-shift in the fluorescence spectrum as compared to that of the polymer in THF 
solution, as has often been observed in thin films.56 For PFO nanoparticles, the additional 
absorption feature and the red-shifted fluorescence ar  attributed to the β-phase 
conformation.57 The relatively complex absorption and fluorescence structures observed 
for PPE dots may be due to the complex packing and phase behavior of polymer chains, 
as was previously observed in thin films of similar PPE derivatives.58 However, due to 
the complex phase behavior of PPE derivatives, additional studies are required to obtain 
definitive information about the internal structure of the nanoparticles. 
CPdots exhibit broad absorption bands ranging from 350 nm to 550 nm 
(depending on the polymer), a wavelength range that is convenient for fluorescence 
microscopy and laser excitation. The absorption at single molecule level is often 
characterized by absorption cross-section. To determine absorption cross section per 
polymer molecule in water, an aqueous CPdot suspension was prepared by injecting 200 
µL of 20 ppm polymer/THF solution to 8 mL water, removing THF by partial vacuum 
evaporation at room temperature, and then filtering the solution through 100 nm 
membrane filter. Under such preparation conditions, the nanoparticle yield is nearly  
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Figure 4.3 Steady state and time-resolved fluorescence spectroscopy of the CPdots. 
The top shows photographs of aqueous CPdots suspensions under room light (left) and 
UV light (right) illumination. The bottom presents absorption spectra (a), fluorescence 
spectra (b), photobleaching curves (c), and fluorescence decay traces (d) of various 
conjugated polymer dots.  
  49 
100% (no apparent aggregrates remained in the filter) so that we know the polymer molar 
concentration in the suspension based on the weight concentration and the average 
molecular weight of the polymer. The absorption cross section per polymer molecule in 
water was determined according to UV-Vis absorption measurement and the Beer-
Lambert law (Equations 2.1 and 2.2). In preparation of larger particles containing several 
or many polymer molecules, a small fraction of aggre ates usually formed and was 
filtered out from the CPdot suspension. After removal of the aggregates, UV-Vis 
measurements were performed to determine the actual polymer molar concentration in 
the suspension based on the above-determined polymer absorption cross section and the 
Beer-Lambert law (Equations 2.1 and 2.2). The nanoprticle diameter was measured by 
AFM, and the nanoparticle weight was determined by the product of nanoparticle volume 
(assuming a spherical particle) and the polymer density (for most of the conjugated 
polymers: ~1g/cm3). Now we can calculate the average number of polymer olecule per 
particle (nanoparticle weight divided by average weight per polymer molecule) and the 
nanoparticle concentration (polymer molar concentration divided by the average number 
of molecules per particle). Analysis of the UV-Vis absorption spectra at a known particle 
concentration indicated that the peak absorption crss section of single particles (~15 nm 
diameter) were on the order of ~10-13 cm2, roughly ten to hundred times larger than that 
of CdSe quantum dots in the visible and near-UV range, and roughly three orders of 
magnitude larger than typical organic fluorescent dyes. 
Fluorescence quantum yields (φF) ranged from a few percent to as high as 40%, 
depending on the polymer. The absorption cross section and quantum yield results are 
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summarized in Table 1. These results indicate that, to he best of our knowledge, the 
fluorescence brightness of the CPdot nanoparticles exceeds that of any other nanoparticle 
of the same size under typical conditions. The sizeof the particle does not appear to have 
an appreciable effect on the shape of the absorption and fluorescence spectra – the 
principal effect of increased particle size is an increase in the absorption cross-section. 
This property facilitates adjustment of particle size and brightness to meet the demands of 
a particular application, and is in contrast with colloidal semiconductor quantum dots, 
which exhibit pronounced variations in band gap dueto the quantum size effect. For a 
given polymer, particle size was also found to affect fluorescence quantum yield. For 
example, a quantum yield of ~0.10 was determined for small PFPV dots (~10 nm), while 
larger PFPV particles (~60 nm) exhibit a decreased quantum yield of ~0.04. The size-
dependence of the quantum yield is likely due to the effect of particle size on the 
efficiency of energy transfer to various fluorescenc  quencher species present in the 
nanoparticle, consistent with both the results of exciton diffusion and energy transfer 
simulations and the size-dependent energy transfer e ficiency we have previously 
observed in dye-doped CPdots.59 The effect of particle size on exciton-phonon coupling 
may also play a role.60 
The photostability of the CPdot nanoparticles is critically important for many 
fluorescence-based imaging applications, particularly fo  long-term imaging and tracking 
experiments.61, 62 The photostability of a fluorescent dye or nanoparticle can be 
characterized by photobleaching quantum yield (φB), which is the number of molecules 
that have been photobleached divided by the total number of photons absorbed over a 
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given time interval.19 Typical fluorescent dyes exhibit photobleaching quant m yields in 
the range of 10-4 to 10-6,19 and exhibit single exponential photobleaching kinetics under 
low excitation intensity. The photobleaching of conjugated polymers is more complicated 
due to the complex set of interactions involving a large number of species such as 
excitons, polarons, molecular oxygen, and fluorescence-quenching sites of unknown 
structure and optical properties.63-65 Photobleaching kinetics of the aqueous CPdot 
suspensions were observed to vary substantially from one polymer to another (Figure 
4.3c). While PFO and PFPV dots exhibit single exponential photobleaching decays, the 
photobleaching kinetics of MEH-PPV dots contains a fast component and a slow 
component. The PPE dots exhibit unusual photobleaching behavior: initial light 
excitation increases the fluorescence quantum yield, resulting in a rapid increase in 
fluorescence followed by slow photobleaching. The PFBT dots appear to be remarkably 
photostable – photobleaching for two hours does not result in observable decrease in 
fluorescence intensity. These observations indicate complex photophysics in these 
nanoscale multichromophoric systems, and more detailed investigations are needed to 
better understand how these phenomena are determined by the polymer structure and 
environment. An estimate of both the photobleaching quantum yield and the photon 
number (total number of photons that a particle emits prior to photobleaching) can be 
obtained from the rate constants obtained from the photobleaching kinetics 
measurements.19 As shown in Table 4.1, the photon numbers of the CPdots are 3-4 orders 
of magnitude larger than those of typical fluorescent dyes,19 indicating promise for long-
term imaging and tracking applications. 







Table 4.1 Figures of merit evaluating the multicolor conjugated polymer dots as 
single molecule fluorescent probes.  
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For high speed applications such as flow cytometry and high-speed imaging and 
tracking, a key figure of merit is the fluorescence radiative rate. Fluorescence decay 
kinetics (Figure 4.3d) were obtained using the time-correlated single photon counting 
technique (TCSPC) and excited state lifetimes were extracted from the kinetics traces 
using software written for the MATLAB environment. All decay traces of the CPdots 
(with the exception of the 480 nm emission band of PPE dots) can be fit adequately with 
a single exponential function, and the lifetime results are listed in Table 1. The lifetimes 
of PFPV and MEHPPV dots were determined to be ~130 ps, while β-phase PFO and 
PFBT dots show longer lifetimes around ~270 ps and ~600 ps, respectively. PPE dots 
display complex fluorescence decay kinetics, the 440 nm emission peak shows a single 
exponential decay with time constant of 242 ps, while the 480 nm emission exhibits a bi-
exponential decay with time constants of 276 ps and 1.56 ns. This observation is similar 
to previously observed fluorescence decay kinetics of PPE thin films, which are 
characterized as a heterogeneous system containing ordered and disordered polymer 
chains.58 The fluorescence radiative rate constant kR and non-radiative rate constant kNR 
were estimated by combining the quantum yield [φ =kR/(kR+kNR)] and fluorescence 
lifetime results [τ =(kR+kNR)-1]. Typical fluorescent dyes exhibit fluorescence radiative 
rates on the order of ~108 s-1. As shown in Table 1, the CPdots exhibit a fluorescence 
radiative rate (108-109 s-1) similar to or somewhat higher than that of typical fluorescent 
dyes, while single quantum dots emit at rates about two orders of magnitude lower.66 The 
fluorescence radiative rates of the CPdots are at or b ve those of other fluorophores used 
in flow cytometry and imaging. 
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4.3 Single particle imaging and kinetics 
Single particle fluorescence imaging and kinetics studies provide further evidence 
of the CPdots as fluorescent probes for single molecule applications. Photobleaching 
studies of single PFBT dots (particle size: 10±3 nm) dispersed on a glass coverslip were 
performed using a custom built wide-field epifluoresc nce microscope. Bright, near-
diffraction-limited spots corresponding to individual PFBT dots were observed (Figure 
4.4a). Single particle photobleaching measurements were obtained by acquiring a series 
of consecutive frames. The number of fluorescence photons emitted per frame for a given 
particle was estimated by integrating the CCD signal over the fluorescence spot, and then 
scaling that value with the detector quantum efficien y and amplification factor of the 
analog-digital converter and the overall collection efficiency of the microscope. The 
photobleaching trajectories could be roughly categorized into two types exemplified by 
the curves shown in Figure 4.4b. Most of the particles exhibit continuous photobleaching 
behavior with no observable fluorescence blinking, as indicated by the green curve, while 
some blinking was often observed in dimmer particles (blue curve). This is consistent 
with the size dependent blinking observed in other conjugated polymers:67, 68 the 
fluorescence of the smaller (dimmer) particles fluctuates due to the small number of 
emitting chromophores and the reversible on-off dynamics resulting in sizable 
fluctuations in the fraction of chromophores in the“on” state, while larger particles (> 10 
nm dia.) result in relatively steady fluorescence th re are contributions from a larger 
number of chromophores, resulting in smaller fluctuations. As fluorescent probes for 
imaging or single particle tracking, the steady fluorescence of the larger CPdots compares 
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Figure 4.4 Single particle fluorescence imaging andki etic studies of PFBT dots. (a) 
A 10µm×10µm fluorescence image of single PFBT dots immobilized on a glass 
coverslip. (b) Photobleaching trajectories of single PFBT dots. No obvious blinking was 
observed for larger PFBT dots (green), while it was sometimes observed for smaller 
particles (blue). (c) Histogram of the photon numbers of several individual PFBT dots 
(~10 nm) prior to irreversible photobleaching. (d) Fluorescence saturation of single PFBT 
dots with increasing excitation intensity. The scattered points are experimental data, 
while the solid curve represents a fit to the saturation equation 1)/1)(/( −∞ += ss IIIIRR . 
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favorably to that of conventional dyes and quantum dots, which often exhibit pronounced 
blinking on time scales of microseconds to hundreds of econds,25 although there are 
reports that such blinking can be suppressed in some cases.69 Statistical analyses of 
several photobleaching trajectories indicate that approximately ~6×108 photons per 
particle (~10 nm diameter) were emitted prior to photobleaching (Figure 4.4c). The 
average photon number (number of photons emitted prior to photobleaching) obtained 
from single particle measurements is roughly consistent with the bulk photobleaching 
results (given an estimated uncertainty of ~20% in the determined photon number). 
Additional photobleaching experiments performed under nitrogen resulted in photon 
numbers roughly two orders of magnitude higher, indicating that oxygen is likely 
involved in the photobleaching mechanism.  
    In single molecule experiments and other measurements involving high excitation 
intensities, the emission rate is often determined by saturation due to the presence of 
triplets and other long-lived nonfluorescent species. Typical fluorescent dyes exhibit a 
saturated emission rate on the order of 106 s-1 due to triplet saturation.18 This picture is 
complicated for multichromophoric systems such as conjugated polymers, as evidenced 
by photon antibunching studies and single molecule blinking studies that indicate roughly 
between 1 and 3 independent emitters for single conjugated polymer chains.70, 71 This 
value is much lower than the chromophore number that is expected based on the 
extinction coefficients and conjugation lengths of conjugated polymers, and the 
discrepancy can be attributed to energy transfer resulting in the funneling of excitons to a 
small number of emitters. Other important factors are the presence of photoinduced, long-
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lived hole polarons that can act as fluorescence quenchers (typically resulting in single 
molecule blinking),65, 72, 73 and exciton collisions (which can result in photon a ti-
bunching).70  
  Fluorescence saturation studies of single PFBT dots were performed under 
nitrogen protection so that photobleaching was negligible (however, the absence of 
oxygen also tends to increase triplet lifetimes, reulting in increased triplet saturation 74). 
As shown in Figure 4.4d, the fluorescence signal of a PFBT particle shows power 
saturation behavior that is well described by the saturation equation 
1)/1)(/( −∞ += ss IIIIRR , where I and Is are the excitation and the saturation intensities, 
respectively. From the fit of this particle, we obtain a saturation emission rate ∞R = 
1.1×108 s-1 and Is = 0.5 kWcm-2. Statistical analysis of several particles yielded saturation 
emission rates ranging from 107 to 109 s-1. The mean saturation emission rate is roughly 
100 times higher than that of typical molecular dyes, and at least 3 orders of magnitude 
higher than that of colloidal semiconductor quantum dots. The single particle saturation 
emission rate is markedly lower than the expected per-particle radiative rate based on the 
results of prior single molecule studies70 and the number of polymer chains per 
nanoparticle (~40). This apparent discrepancy is likely due to the larger number of 
available pathways for exciton diffusion in the nanoparticles relative to single conjugated 
polymer molecules, resulting in additional energy funneling. 
4.4 Fluorescence cellular imaging 
The high absorption cross-sections, bright fluorescence, and large photon 
numbers of the CPdots indicate great potential for single molecule imaging and tracking  






Figure 4.5 Fluorescence imaging of conjugated polymer dots in living cells. 
Differential interference contrast (DIC) images (top), and fluorescence images (bottom) 
of macrophage cells labeled with macrophage cells labeled with PPE, PFPV, PFBT and 
MEHPPV dots, respectively. Scale bar: 10 µm.  
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in living cells. As compared to membrane-permeable organic dyes, the use of 
nanoparticles for intracellular imaging is generally complicated by the challenge of 
delivering the nanoparticles to the interior of thecell.75 A variety of strategies including 
invasive methods such as electroporation and microinjection have been demonstrated for 
intracellular delivery of inorganic quantum dots.76 Here we demonstrate the effective use 
of CPdots as an extremely bright fluid phase marker of pinocytosis in J774.A1 cells. The 
selection of the cell system is based on the ability of macrophages to efficiently ingest 
cellular debris, pathogens, and small particles such as CPdots. Figure 4.5 shows 
differential interference contrast (DIC) images and fluorescence images of these mouse 
macrophage-like cells that had been incubated with PPE, PFPV, PFBT, and MEH-PPV 
dots, respectively. These images clearly indicate int rnalization of the CPdots by the cells 
and show a staining pattern consistent with other widely used fluid-phase markers such as 
an organic dye conjugated to a high molecular weight dextran. Consistent with fluid-
phase uptake of CPdots, these representative images show perinuclear labeling and 
brightly fluorescent vacuoles and organelles (e.g. pinosomes and lysosomes). More 
diffuse nanoparticle fluorescence was apparently localized in the cytoplasm. This may be 
due to a population of CPdots that are able to cross cell membranes. Preliminary co-
localization studies with Texas Red dextran and Lysotracker Red favor fluid-phase 
uptake as the most likely mechanism. The CPdots do not appear to exhibit appreciable 
cytotoxicity under the current incubation time and loading concentration. The 
nanoparticles also appear to be stable (no evidence of degradation) in cell growth 
medium. Clearly, a detailed understanding of the factors affecting nanoparticle uptake as 
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well as the fate of the nanoparticles requires additional investigation. In addition, imaging 
or tracking specific intracellular species will require targeting of the CPdots via 
encapsulation and bioconjugation. 
4.5 Encapsulation for bioconjugation 
Encapsulation is a widely used strategy to facilitate biofunctionalization of 
nanoparticles, and can yield improvements in photostability and quantum yield.77-79 
Condensation of active silica or alkoxysilanes on a particle surface to form a silica shell 
is a proven method for particle encapsulation and also provides a surface that can be 
further functionalized by a variety of methods.22, 77-79 The presence of oxide or hydroxy 
groups on the surface of the nanoparticle is requird to promote adhesion and 
polymerization of a silica shell. Therefore a promoter is required for shell formation on 
noble metal or hydrophobic polymer particles.80, 81 Here we choose octyltrimethoxysilane 
(OTMOS) to promote silica shell formation. Hydrolysis of the alkoxy groups results in 
the formation of a rigid micelle-like structure around the polymer core with oxygen 
bridges between silicon atoms and silanol groups on the surface as illustrated in Figure 
4.6 (Top).82 A 4-5 nm thick silica shell is grown by subsequent addition and 
polymerization of tetraethyl orthosilicate (TEOS). The amine or thiol functionalization is 
further achieved by reaction of amine-silane or thiol-s lane with the silica surface. 
Poly(ethylene glycol) (PEG) groups can be introduce at the same time to make the 
particles biocompatible and avoid non-specific interactions. Certain biomolecules are 
finally conjugated with the polymer nanoparticles through a biolinker molecule such as 
succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC). 
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Figure 4.6 Encapsulation scheme of conjugated polymer dots. The bottom shows 
TEM images of bare MEH-PPV nanoparticles (a), silica-encapsulated nanoparticle (b), 
and assembled MEH-PPV/Au nanostructures (c). 
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As an additional test of the silica encapsulation of the nanoparticles, the binding 
of surface-functionalized nanoparticles to gold nanoparticles was characterized by 
fluorescence spectroscopy and TEM. Gold nanoparticles have been found to efficiently 
quench the fluorescence of water-soluble conjugated polymers, as indicated by extremely 
large Stern-Volmer constants (KSV).
35 The gold nanoparticles (15 nm) were prepared 
according to the standard sodium citrate reduction method.83 The silica-encapsulated 
polymer nanoparticles were functionalized with amine groups using a silane coupling 
agent 3-aminopropyltrimethoxysilane (APTMS). Amines are known to bind strongly to 
the surface of gold nanoparticles.81, 84 TEM observations (Figure 4.6c) indicate the 
coexistence of single gold/polymer nanostructures and some gold/polymer aggregates. It 
is clearly observed that each gold nanoparticle was coated with a rough shell composed 
of several silica-encapsulated polymer nanoparticles. Spectroscopic measurements were 
performed on the two aqueous dispersions of the Au/PFPV and Au/MEH-PPV 
nanostructures, one of which contains PFPV (8 nM) and gold nanoparticles (0.5 nM), the 
other has MEH-PPV (12 nM) and gold (0.5 nM), respectiv ly. Binding with gold 
nanoparticles resulted in fluorescence quenching of ~33% for PFPV and ~50% for MEH-
PPV nanoparticles, respectively. Assuming a linear Stern-Volmer relation in the 
experimental concentration range, the KSV values were estimated to be quite large: 
~1×109 M-1 for PFPV and ~2×109 M-1 for MEH-PPV, similar to the “hyperquenching” 
reported for conjugated polymer electrolytes complexed with Au nanoparticles.35 
Fluorescence spectra of free polymer and gold nanoparticle mixtures in absence of 
APTMS indicated no quenching except for a small inner filter effect. While the 
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quenching mechanism has not yet been fully investigated, it is likely that the efficient 
quenching is due to the large extinction coefficient of the Au nanoparticle, with perhaps 
some contribution due to fast intraparticle energy t ansfer within the conjugated polymer 
nanoparticle. Electron transfer has also been observed as a mechanism for quenching of 
conjugated polymer fluorescence,34 but in this case electron transfer is likely blocked by 
the silica shell.  
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Multiphoton fluorescence microcopy has recently emerged as a powerful technique for 
three-dimensional imaging in biological systems.85-88 The nonlinear dependence of 
excitation probability on light intensity results in a highly localized excitation and  
improved spatial resolution. The small effective excitation volume also reduces 
background signal due to autofluorescence and the fluorescence of dye molecules outside 
of the laser focal volume, while the ability to employ near IR wavelengths for excitation 
can reduce photodamage to the sample as well as facilitate imaging of biological 
specimens due to the near-transparency of many tissues in this spectral range.88 The 
widespread adoption of multiphoton fluorescence imaging and microscopy has been 
hindered by the bulky and expensive pulsed laser sources typically required for excitation 
due to the relatively low multiphoton excitation cross-sections of available dyes.49, 89 
Interest in the development of brighter probes has led to the design and synthesis of dyes 
with two-photon action cross sections larger than 1000 Göppert-Mayer units (GM).90 
Gold nanorods have also been demonstrated as contrast agent for in vitro and in vivo two-
photon luminescence imaging, and the two-photon action ross sections were determined 
to be ~2000 GM.91 Colloidal CdSe quantum dots appear to be very promising probes for 
two-photon microscopy due to their excellent photostability and large two-photon action 
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cross sections (from 2000 to 47000 GM),92 although single particle blinking and a 
significant fraction of “dark” dots are drawbacks for some applications.25 
In this chapter, we investigate the two-photon excit d fluorescence of CPdots. As 
a new class of two-photon fluorescent probes, CPdots exhibit two-photon action cross 
sections as high as 2.0×105 GM, to our knowledge the largest reported thus far for a 
nanoparticle. The cross section values are three to four orders of magnitude higher than 
conventional fluorescent dyes, and an order of magnitude higher than inorganic quantum 
dots. Demonstration of single particle imaging using relatively low laser excitation levels 
demonstrates the potential utility of CPdots for multiphoton fluorescence microscopy 
applications and raises the possibility of employing small, inexpensive near infrared 
diode lasers for two-photon excited fluorescence imaging. The major results presented in 
this chapter have appeared previously in a published journal article.68 
5.1 Two-photon excited fluorescence 
The CPdots exhibit one-photon absorption in the wavelength range of 350 nm - 
550 nm, as shown in Chapter 4. However, when the output of a mode-locked Ti:sapphire 
laser (100 mW, 800 nm, 100 fs) is focused into aqueous dispersions of PFPV and MEH-
PPV dots (8 ppm, 3 nM), strong fluorescence in the vicinity of the focus is clearly visible 
(Figure 5.1a). Power-dependent excitation efficienci s provide further evidence for the 
two-photon excited fluorescence (Figure 5.1b). At a given laser intensity I, two-photon 
fluorescence intensity is proportional to σ2pφFΙ2 , where σ2p is the two-photon absorption 
cross-section and φF is the fluorescence quantum yield. A convenient measure of the two-
photon fluorescence brightness is the two-photon action cross section, σ2p*=σ2pφF.88, 92 
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The measurements were performed on CPdots of ~20 nm dia eter (Figure 5.1c), 
consisting of PDHF, PFPV, and MEH-PPV, respectively. A custom built photon-
counting spectrometer (described in Chapter 3.2) was used to determine the two-photon 
action cross sections, which were obtained from the fluorescence data as follows.  













CtF pp≈ ,                                       (5.1) 
where η is the fluorescence collection efficiency of the instrument; C is the fluorophore 
concentration; *2 pσ  is two-photon action cross section of the probe; gp is a unitless factor 
related to pulse shape (0.66 for Gaussian laser pulse); f is the laser repetition rate; τ is the 
width (FWHM) of the laser pulse;  n is the refractive index of the lens focusing the laser 
beam; λ is the laser wavelength; and <P(t)> is the average power of the laser.49 The 
factor gp/(fτ) is approximately 105 for a Ti:sapphire laser with a  76 MHz repetition rate 
and 100 fs pulses. Only C and *2 pσ  are related to the sample, and all other parameters ar  
determined by the measurement system and conditions. Varying the laser power <P(t)> 
and recording the fluorescence intensity <P(t)> yields a quadratic dependence of 
fluorescence intensity on laser power. According to the above equation, a plot of 
)(tFLn  versus )(tPLn results in a straight line with slope of 2 and an intercept b, 
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Figure 5.1 Two-photon excited fluorescence from conjugated polymer dots. (a) 
Photograph of the fluorescence from aqueous CPdot dispersions under two-photon 
excitation of an 800 nm mode-locked Ti:sapphire laser. (b) Log-log plot of two-photon 
fluorescence intensities versus the excitation power for the CPdots and rhodamine B 
(reference compound). (c) A typical AFM images of the PFPV dots on a silicon substrate. 
(d) Semi-log plot of two-photon action cross sections (σ2pφ) versus the excitation 
wavelength for the CPdots and rhodamine B.   
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Provided that a standard dye with known two-photon action cross-section is available, a 
relative determination of the two-photon action cross section of the species of interest is 







pp −= σσ                                                       (5.3) 
where b and b0 are obtained from log-log plots of laser intensity versus fluorescence 
intensity for the fluorophore of interest and the standard, respectively, and * 0,2 pσ  is the 
two-photon action cross-section of the standard. The above method was validated by 
determining the two photon action spectrum of rhodamine B using Lucifer yellow as a 
standard. The determined two photon action spectrum for rhodamine B is consistent with 
literature results for the absolute two-photon action cross-section.49 Figure 5.2b shows the 
log-log plot of the fluorescence intensities of the CPdots and rhodamine B solutions 
versus the laser power at 800 nm wavelength. Fits to he experimental data yield a slope 
of 2.0±0.1, consistent with two-photon excited fluorescence. The sample concentrations 
were determined by UV-Vis absorption measurement (The method for determining the 
nanoparticle concentration was described in Chapter 4 ). 
The experimentally determined two-photon action cross sections (λex=770 nm) are 
1.4×104 GM, 5.5×104 GM, and 2.0×105 GM for PDHF, MEH-PPV, and PFPV dots, 
respectively (Figure 5.1d). The two-photon action cross-section for MEH-PPV dots is 
about one order of magnitude larger than that of the polymer molecules in solution,93 
consistent with the particle size results that indicate 10-20 molecules per particle. 
Significantly, the results show that, as two-photon fluorescent probes, the PFPV dots are 
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three to four orders of magnitude brighter than conventional fluorescent dyes,49 and an 
order of magnitude brighter than quantum dots.92 It is somewhat surprising that PFPV 
dots were determined to have the highest brightness of the three polymers, given that 
under one-photon excitation PDHF dots are brighter than both PFPV and MEH-PPV 
dots. However, the higher two-photon cross sections f PFPV and MEH-PPV are 
consistent with theoretical and experimental results indicating that π-conjugated systems 
with alternating donor-π-donor structures exhibit relatively large two-photon absorption 
cross sections due to the increased hyperpolarizability of such structures.90, 94 The alkoxy 
side groups in PFPV and MEH-PPV act as electron donors, forming the donor-π donor 
motif associated with relatively high two-photon cross sections, while PDHF does not 
possess alkoxy side groups. 
5.2 Single particle imaging with two-photon excitation 
To demonstrate the potential of the CPdots for multiphoton fluorescence imaging, 
single particles on a glass substrate were imaged using a custom built confocal 
fluorescence microscope employing the attenuated output of a mode-locked Ti:sapphire 
laser (800 nm, 100 fs, 76 MHz repetition rate) for excitation. Figure 5.2a shows a 
5µm×5µm fluorescence image of the PFPV dots sparsely dispersed on a glass coverslip. 
Each bright spot in the Figure 5.2a corresponds to a single PFPV dot. The high per-
particle brightness is evident in the relatively low average laser power (260 µW, at the 
sample) employed to obtain high contrast images. The fluorescence detection efficiency 
was determined to be 5-7%, using dye-loaded nanospheres (Invitrogen) as standards. 
Typical single particle fluorescence count rates of 25 kHz were observed. Analysis of 
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fluorescence spots in the single molecule image (Figure 5.2a) yields an estimate of the 
full-width at half-maximum of around 450 nm, somewhat above the diffraction limit. 
Based on visual inspection of the laser mode and consideration of the optics used to 
couple the laser to the microscope, we believe that improved resolution could be achieved 
by spatial filtering of the output of the Ti:Sapphire laser, as has been demonstrated.95 
Based on the determined focal characteristics of the laser and the two-photon action 
cross-section (2.0×104 GM for ~10 nm nanoparticle), it is estimated that ~32 µW average 
power (at the sample) would be required to attain this 25 kHz signal level (assuming 100 
fs pulses and 6% detection efficiency). This factor of 8 discrepancy is reasonable given 
that there are a number of factors that are difficult to quantify and were not taken into 
account, such as group velocity dispersion due to passage of the laser pulse through 
various optics resulting in stretched pulses, non-ideal beam profile, and non-optimal 
alignment. Typically, pulsed laser light is required to generate sufficient two-photon 
fluorescence signal for single fluorophore detection. However, the observed modest 
intensity requirements for multiphoton imaging raise the possibility of employing CW 
excitation for multiphoton imaging. Based on these results, we estimate it should be 
possible to obtain two-photon fluorescence images of ingle CPdot nanoparticles using 
~10 mW CW laser illumination provided by an inexpensive semiconductor diode laser. 
Indeed, focusing several tens of mW of 800 nm CW laser light (Ti:sapphire laser 
operating in CW mode) onto a single layer of nanoparticles generated fluorescence that 
was readily visible to the unaided eye. 






Figure 5.2 Single particle fluorescence imaging andki etics of PFPV dots with two-
photon excitation. (a) A 5µm×5µm fluorescence image of single PFPV dots immobilized 
on a glass coverslip obtained using two-photon excitation (800 nm). (b) Photobleaching 
kinetics of single PFPV dots under two-photon excitation. No obvious blinking was 
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Single conjugated polymer molecules typically exhibit complex photophysics 
such as fluorescence intermittence (blinking) and photon antibunching.70, 96 Single 
particle fluorescence kinetics traces (Figure 5.2b) o tained with two-photon excitation 
indicated no observable blinking for 20 nm PFPV dots, while it was often observed in 
smaller particles (<10 nm), consistent with single particle results with one-photon 
excitation. As fluorescent probes for imaging or single particle tracking, the relatively 
steady fluorescence of CPdots compares favorably to that of quantum dots, which 
typically exhibit pronounced blinking on time scales of milliseconds to hundreds of 
seconds.25 Analyses of single particle kinetics traces indicate that approximately ~106 
photons per particle (~10 nm diameter) were detected prior to photobleaching. This is 
lower than the photostability under one-photon excitation (~107 photons detected), 
consistent with prior observations that single fluorophores exhibit lower photostability 
under two-photon excitation than under one-photon excitation.95 The demonstration of 
single particle imaging and the large two-photon action cross sections clearly indicate the 
potential utility of CPdots for multiphoton fluorescence microscopy applications.  
  73 
CHAPTER 6 ENERGY TRANSFER MEDIATED FLUORESCENCE IN 
BLENDED CONJUGATED POLYMER DOTS 
 
 
Single conjugated polymer molecules and conjugated polymer aggregates exhibit 
complex photophysics and surprising phenomena such as blinking and photon 
antibunching,70 which are attributable to a variety of photophyical processes that occur in 
such complex systems.97-101 Energy transfer in nanoscale systems has recently been 
demonstrated as the basis of molecular beacons for efficient detection of biomolecule 
interactions and dynamics.40, 102, 103 Our understanding of the photophysics of such 
systems is currently limited by the lack of experimental results on well-behaved model 
systems and by difficulties in interpreting their behavior. Nanoparticles and nanoparticle 
assemblies are typically heterogeneous systems. Analysis of energy transfer in 
nanoparticles of mixed composition or in donor-acceptor nanoparticle assemblies is 
complicated by the fact that, in many cases, there are a small number of quenchers per 
molecule, resulting in a statistical distribution of energy acceptors and significant 
particle-to-particle variations in quenching efficiency. In such systems, there can be 
significant deviations from Stern-Volmer quenching theory.35, 104, 105 
In this chapter, we report on energy transfer mediat  fluorescence from 
conjugated polymer nanoparticles consisting of polyfluorene (PDHF) doped with three 
different conjugated polymer acceptors. The blended conjugated polymer nanoparticles 
exhibit fluorescence excitation spectra characteristic of the host polymer, and the 
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fluorescence emission spectra characteristic of the dopant polymer. Stern-Volmer 
analysis of the host fluorescence as a function of dopant concentration indicates efficient 
energy transfer from a hundred or more host polymer olecules to a single dopant 
polymer molecule. We present an energy transfer model which yields population-
averaged quenching efficiencies for the case of a statistical distribution of a small number 
of highly efficient energy acceptors per nanoparticle. For the doped conjugated polymer 
nanoparticles, the model successfully reproduces th observed dependence of quenching 
efficiency on average particle composition over a wide range. The major results 
presented in this chapter have appeared previously in a published journal article.106  
6.1 Blended conjugated polymer dots 
Since the hydrophobic interaction is the primary driving force for nanoparticle 
formation, it is possible to introduce different hydrophobic polymer species during 
nanoparticle formation. Blended polymer dots were obtained by quickly adding a solution 
mixture to water under simultaneous sonication to improve mixing, as described in 
Chapter 3.1. PDHF was chosen as the host polymer in view of its high absorptivity in the 
near ultraviolet region and favorable spectral overlap with the dopant polymers employed 
in this study. After removal of a small fraction of aggregates by filtration and removal of 
THF by partial vacuum evaporation, the composition of the resulting dispersion is 
consistent with the relative amounts of PDHF and dopant in the precursor solution 
mixture, as determined by UV-Vis absorption spectroscopy. The nanoparticle dispersions 
were drop-cast onto silicon substrates for analysis of particle size and morphology by 
tapping-mode AFM. A representative AFM image of polymer blend nanoparticles is 





Figure 6.1 Nanoparticle size and morphology of blended conjugated polymer dots. 
(a) A representative AFM image of blend dots. (b) Histogram of particle height taken 
from AFM image. (c) Photograph of fluorescence emission from aqueous suspensions of 
the blend nanoparticles taken under a UV lamp (365 nm).
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shown in Figure 6.1a. A particle height histogram obtained from the AFM image 
indicates that most particles possess diameters in the range of 20-30 nm, as shown in 
Figure 6.1b. The lateral dimensions are also in the range of 20-30 nm after the tip width 
is taken into account.107 The morphology is consistent with the recent observation that the 
equilibrium shape for small sized PDHF nanoparticles (<30 nm) tends to be spherical 
because surface tension effects determine the morphol gy in this size range.108 There are 
an estimated 100-200 polymer molecules per nanoparticle, assuming densely packed 
spherical particles. The presence of dopant has no apparent effect on particle size and 
morphology.  
6.2 Energy transfer in blended polymer dots 
Energy transfer in conjugated polymer blends has recently been demonstrated as a 
viable strategy for improving the quantum efficiency and tuning the emission color of 
optoelectronic devices.109-112 However, segregation of the polymer species frequently 
occurs, causing low energy transfer efficiency. Unlike previously reported methods of 
producing blended conjugated polymer nanostructures,31, 113 in which there is 
spectroscopic evidence of polymer segregation, the nanoparticles reported here are 
produced by a rapid mixing process which apparently reduces the degree of segregation, 
as evidenced by the efficient energy transfer from the host to guest molecules and the 
lack of dopant aggregate features in the spectrum. Figure 6.1d illustrates the evolution of 
the fluorescence color as the dopant species is varied for aqueous suspensions of 
nanoparticles under UV lamp excitation (365 nm). At a dopant fraction of 6 weight 
percent, the fluorescence from PDHF is almost completely quenched and the blend 
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nanoparticles present strong fluorescence from the dopant species. This result indicates 
highly efficient energy transfer from the host to dopant polymers. Fluorescence 
spectroscopy and energy transfer phenomena in thesebl nd nanoparticles are discussed 
in detail below. 
Figure 6.2 (left) presents the normalized absorption and fluorescence emission 
spectra of the conjugated polymers PDHF, PFPV, PFBT, and MEH-PPV in THF 
solutions. PDHF, PFPV, PFBT, and MEH-PPV exhibit their peak fluorescence at around 
415 nm, 500 nm, 535 nm, and 550 nm, respectively. Conjugated polymers typically have 
a small Stokes shift between absorption and fluorescence, similar to that of many organic 
fluorescent dyes, though the combined effects of energetic disorder, energy transfer and 
the presence of aggregate species can lead to larger shifts.56, 114 The pure PDHF dots 
(Figure 6.2, right) show a broadened and blue-shifted absorption as compared to that of 
the PDHF in THF solution, which is consistent with an overall decrease in the 
conjugation length induced by bending or kinking of the polymer backbone.115 The 
fluorescence spectrum of the PDHF dots is red-shifted by 15 nm relative to that of PDHF 
in THF solutions. Since the nanoparticles possess a compact structure, the red-shift in 
fluorescence can be attributed to increased interchain interactions, leading to energy 
transfer to low-energy chromophores and weakly-fluorescent aggregates.46 The 
fluorescence emission spectrum of the nanoparticles also has a long red tail, consistent 
with the presence of aggregate species. Similar featur s are observed in the fluorescence 
emission spectra of PDHF thin films.116, 117 The fluorescence of the host polymer overlap 
 






Figure 6.2 Normalized absorption (dashed), fluorescence excitation and emission 
spectra (solid) of blended conjugated polymer dots. The left shows the normalized 
absorption and emission spectra of the conjugated polymer in THF solutions. 
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with the absorption spectra of the three dopant polymers, as required for efficient energy 
transfer via the Förster mechanism. 
Figure 6.2 (right) shows the normalized absorption (dashed curves), fluorescence 
excitation and emission spectra (solid curves) of the pure PDHF and three different 
blended polymer dots containing 6wt% dopant PFPV, PFBT, and MEH-PPV, 
respectively. The dominant absorption peaks (around 375 nm) of the blend nanoparticles 
are consistent with PDHF, while the weak absorption peaks in the 400-500 nm range 
originate from the dopant polymers. With 375 nm excitation, where >95% of the 
absorption is due to PDHF, the fluorescence from PDHF is almost completely quenched, 
and the nanoparticles exhibit fluorescence emission pectra characteristic of the dopant 
species. Fluorescence excitation spectra (obtained with the collection wavelength set to 
match the dopant emission) are very similar to the normalized absorbance spectra of 
PDHF (with minor differences attributable to the spectrum of the Xe lamp of the 
fluorometer). These observations indicate efficient ntra-particle energy transfer from the 
PDHF host to the dopant polymer and are consistent with a low degree of segregation of 
the dopant polymer. For comparison, the mixed THF solutions of PDHF and dopant 
polymers with the same concentration were prepared nd no quenching can be observed 
in solution phase, indicating that the host and dopant are required to be in close proximity 
for substantial energy transfer to occur. The observed energy transfer is consistent with a 
Förster mechanism,118 though other mechanisms, such as Dexter transfer,119 cannot be 
ruled out due to the close proximity of host and guest molecules. A significant feature of 
the blend nanoparticles is the enlarged energy gap between absorption and fluorescence 





Figure 6.3 Concentration dependent fluorescence spectra of blended polymer dots 
under 375 nm excitation. The right shows fluorescence i tensity change of PDHF host 
and dopant polymers as a function of dopant concentration in blend nanoparticles. All 
fluorescence intensities were normalized to the 430 nm emission of pure PDHF dots.   
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as compared to the polymers in THF solutions and pure polymer nanoparticles.46 In 
addition, nanoparticles with different emission wavelengths can be simultaneously 
excited using a single light source, a useful feature for multiplexed fluorescence 
detection. 
Highly efficient energy transfer is evident in the evolution of the fluorescence 
spectra with increasing dopant concentration. Figure 6.3 (left) shows the fluorescence 
emission spectra of the three types of blend nanoparticles as dopant concentration is 
increased. As exemplified by PDHF/PFPV system, the fluorescence from the PDHF host 
decreases with increasing PFPV content, while that from PFPV increases and reaches a 
maximum around 6wt%, after which a further increase in dopant concentration causes a 
slight reduction in fluorescence intensity. Over a concentration range of 2%-6%, the 
PDHF/PFPV nanoparticles present an intense characteristic emission (510 nm) from 
PFPV, which is slightly larger than the 430 nm emission from pure (undoped) PDHF 
nanoparticles. The other two types of blend nanoparticles show a similar trend in the host 
fluorescence, but lower dopant fluorescence intensiy, consistent with the lower 
fluorescence quantum yields of PFBT and MEH-PPV as compared to PFPV. In view of 
the low dopant concentration and rapid nanoparticle formation, together with 
spectroscopic evidence which indicates an absence of aggregate species, we conclude that 
the dopant polymer molecules are likely uniformly distributed in the PDHF host, without 
significant segregation or aggregation. In addition, the lack of aggregate features (which 
are typically associated with reductions in quantum yield) indicates that a higher 
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fluorescence quantum yield can be achieved in polymer blend system as compared with 
the pure polymer nanoparticles. 
6.3 Nanoparticle energy transfer model 
The dependence of host polymer fluorescence intensity on the concentration of 
dopant (quencher) was modeled using the Stern-Volmer relation, which can be expressed 
as,118 
][1/0 QKFF SV+=                                                  (6.1) 
where 0F  and F  are fluorescence intensities in the absence and presenc  of quencher, 
respectively, KSV is the Stern-Volmer quenching constant, and [Q] is the concentration of 
the quencher. The quenching constant is obtained from the slope of a linear fit to a plot of 
FF /0  versus [Q]. However, deviations from the linear relationship can be observed 
when quenching efficiencies are very high, as observed in the super-quenching of 
conjugated polyelectrolytes by gold nanoparticles.35 For the polymer blend nanoparticles 
using PFPV or MEH-PPV as quenchers, the FF /0  data deviated substantially from the 
linear Stern-Volmer relation, while those of PFBT quenchers follow a linear Stern-
Volmer behavior over a wide concentration range (Figure 6.4). If the quencher 
concentration is expressed as a molecule fraction, he KSV obtained from the plot then 
represents the number of host molecules quenched by a single quencher. This analysis 
(Figure 6.4, solid) indicated that ~65 PDHF moleculs are quenched by a single PFBT 
molecule, and more than 500 PDHF molecules are quenched by single molecules of 
either PFPV or MEH-PPV.  
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The combination of highly efficient energy transfer and statistical variations in the 
number of quencher molecules per nanoparticle are likely to cause significant deviations 
from the Stern-Volmer relationship. Here we introduce a nanoparticle energy transfer 
model which takes into account the effect of multiple quencher species per nanoparticle 
and the statistical distribution of quenchers. If we assume that the overall energy transfer 
rate scales linearly with the number of quenchers, then the host quantum yield is given by 






=φ ,                                                (6.2) 
where kR and kNR are the radiative and non-radiative rates of the host, kET is the energy 
transfer rate of a single quencher, and n is the number of quenchers present in the 
nanoparticle. The fraction of nanoparticles with n quenchers per nanoparticle can be 
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where n is the average number of donor molecules per nanoparticle. Combining this with 
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This equation relates the relative fluorescence intnsi y (F/F0) to the quenching efficiency 
per quencher molecule (q) and the statistical distribution of quencher molecu s per 
nanoparticle. While the model yields results similar to the linear Stern-Volmer model for 
small values of q, above q  = 0.5 there are substantial deviations associated with the 
Poisson statistics. A similar approach, with somewhat different assumptions, was 
developed by Turro and Yekta for applying fluorescence quenching methods to 
determine the aggregation number of surfactant micelles.120 
In applying the nanoparticle energy transfer model to the data of Figure 6.3, it was 
assumed that fNn = where f is the molecular fraction of quenchers (estimated from the 
dopant weight fraction and the molecular weights of the PDHF and quencher) and N is 
the number of donor molecules.  The quencher efficincy q and the nanoparticle particle 
size N were adjusted to obtain the best fit to the data. Figure 6.4 shows the experimental 
(scattered squares) and fit results (dashed lines) for the fluorescence quenching of PDHF 
donor by three different quenchers in polymer blend nanoparticles. In each case, the fit is 
better than that obtained from the Stern-Volmer analysis, particularly at high quencher 
fractions. For the case of PFBT as quencher, the fi yielded parameters N = 125 and q = 
0.32. N = 125 represents the average number of molecules per nanoparticle, which is in 
good agreement with the value estimated from AFM measurements. q = 0.32 indicates 
that 32% of the fluorescence of a PDHF nanoparticle would be quenched by a single 
PFBT molecule, similar to the phenomenon of superqunching observed in nanoparticle 
assembled dye aggregates.105, 121 The model was also fit to the results obtained using 
PFPV and MEH-PPV as quenchers. The N parameter obtained from the fit is ~200 




Figure 6.4 Fluorescence quenching of PDHF donor versus molar fraction of 
quenchers in blended polymer dots. The scattered squares are experimental data, while 
the black dashed curves are model results given by Equation 6.5. The solid lines represent 
linear Stern-Volmer plots of PF fluorescence quenchd by three quenchers in low 
concentration range. The parameters used in the fitting are listed in the figure. 
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molecules per nanoparticle, corresponding to a particle diameter of ~30 nm, slightly 
larger than that obtained from AFM measurements. It is likely that the deviation in N is 
related to the quencher polydispersity and other factors not taken into account in the 
model. Interestingly, the large quenching efficiency (q = ~0.9) obtained for PFPV and 
MEH-PPV molecules indicates that the fluorescence from a PDHF nanoparticle 
consisting of 100-200 molecules could be nearly completely quenched by a single PFPV 
or MEH-PPV molecule. Considering Förster resonance en rgy transfer as the dominant 
mechanism in the quenching process, the difference between the quenching efficiency of 
PFBT and that of PFPV and MEH-PPV can be attributed to ifferences in the extinction 
coefficients. The peak molar extinction coefficients for PFPV, PFBT and MEH-PPV 
molecules in THF were determined by absorption measurements to be 5.7×107 M-1cm-1, 
4.6×105 M-1cm-1, and 1.5×107 M-1cm-1, respectively. Although all the three quenchers 
show good spectral overlap between their absorptions and the PDHF fluorescence, the 
large extinction coefficients of PFPV and MEH-PPV lead to their higher quenching 
efficiency as compared to PFBT molecules. According to the predictions of the energy 
transfer model, for quenchers with a relatively low quenching efficiency (q < 0.5) the 
ratio F0/F depends approximately linearly on the quencher fraction over a wide range, 
while for highly efficient quenchers, the ratio F0/F does not have a linear dependence on 
the quencher fraction. This agrees with our experimntal observation that PFBT, the least 
efficient quencher due to its low molecular absorptivity, closely follows the linear Stern-
Volmer relation, while the larger, highly efficient PFPV and MEH-PPV quenchers 
exhibit substantial deviations from linear Stern-Volmer behavior. Based on the success of 
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the nanoparticle energy transfer model in providing quantitative agreement with the 
spectroscopic results and the simple, intuitive picture it provides for describing the effect 
of highly efficient quenchers and the statistical vriability in the number of quenchers per 
nanoparticle on the overall energy transfer efficien y, we believe this model will be 
useful for related systems such as superquenching-based sensors.34, 35, 105, 122-124 
Both the Stern-Volmer analysis and analysis using the energy transfer model 
indicate that a single quencher molecule can effectiv ly quench the fluorescence of 
hundreds of host molecules. In terms of a quenching volume or radius, this yields a result 
similar to those observed for doped fluorescent molecular crystals 125, 126 and quenching 
by charge carriers in MEH-PPV films.72 If the quenching were described by one-step 
Förster energy transfer, the number of PDHF molecules that can be quenched by a single 
PFBT molecule would be determined by the Förster radius, which is in the range of 5-10 
nm, not sufficient to account for the large quenchig volumes observed. Because of the 
substantial spectral overlap between the absorption and emission of the PDHF donor, 
there is also the possibility of multiple energy transfer between molecules of PDHF, a 
process characterized by an energy diffusion length, w ich has been observed to be 
typically on the order of 5-15 nm for conjugated polymers.127 Thus we conclude that the 
large quenching efficiency is likely due to a combinat on of energy diffusion and host-
guest energy transfer that can effectively result in he quenching of hundreds of host 
polymers by a single quencher. Based on these considerations and the experimental 
evidence of relatively long-range energy transfer, it appears possible to construct probes 
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based on energy transfer quenching using ~10-20 nm diameter conjugated polymer 
nanoparticles.40 
We previously observed that the conjugated polymer nanoparticles suffered from 
a reduction in fluorescence quantum yield as compared with the polymers in organic 
solvent.46 Similar reductions in fluorescence quantum yield are typically observed for 
thin films of conjugated polymer (as compared to soluti n) and are attributed to 
interactions between polymer chain segments which can result in the formation of red-
shifted, weakly fluorescent aggregate species. A fluorescence quantum yield of 10% was 
determined for pure PFPV nanoparticles, as described in our previous report.46 However, 
for the case of blended nanoparticles, the polymer acceptors are uniformly distributed, 
with no discernable aggregate features in the fluorescence spectrum. If energy transfer to 
aggregate species is the primary loss mechanism, then one might expect that a higher 
quantum yield could be achieved in the PDHF/PFPV blend nanoparticles as compared to 
pure PFPV nanoparticles. Furthermore, nearly all of the excitation energy absorbed by 
hundreds of PDHF molecules is transferred to the PFPV, resulting in a large increase in 
absorptivity and therefore large improvements in fluorescence brightness as compared to 
smaller particles consisting of single polymer molecu s. A fluorescence quantum yield 
of 14% and absorption cross-section of 1.9× 0-12 cm2 (assuming 200 molecules per 
nanoparticle) was determined for PDHF nanoparticles doped with PFPV (6 wt%) 
suspended in water, using a solution of Coumarin 1 i  ethanol as a standard.128 The 
calculated fluorescence brightness of PDHF/PFPV blend nanoparticles is more than 2000 
times higher than that of rhodamine 6G. For comparison, the fluorescence brightness of 
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quantum dots has been reported to be in the range of 20 times that of rhodamine dyes,129 
and dye-loaded silica particles of ~30 nm in diameter have a reported brightness 
equivalent to approximately 100 rhodamine molecules.78 The high brightness of the 
conjugated polymer blend nanoparticles compares favorably with quantum dots and dye-
loaded silica colloids. We previously demonstrated that encapsulating small conjugated 
polymer nanoparticles with silica can improve photostability.46 The high brightness, 
combined with the improved photostability, is very promising for biological labeling and 
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CHAPTER 7 ENERGY TRANSFER IN FLUORESCENT DYE DOPED 
CONJUGATED POLYMER DOTS 
 
 
Energy transfer has been exploited in the design of flu rescent dyes and polymers,130, 131 
and has also been used to improve the functionalities of dye loaded latex or silica 
colloids. Some commercially available beads incorporate a series of two or more dyes 
which undergo excited energy transfer and exhibit a highly red-shifted emission 
spectrum. Triple-dye-doped silica nanoparticles have been demonstrated in which FRET-
mediated emission features could be tuned by varying the doping ratio of the three 
tandem dyes.132 Many conjugated polymers have high fluorescence quantum yields and 
broad emission spectra with full widths at half maximum (FWHM) of 50-100 nm, 
meeting the requirements for an efficient, versatile donor. Conjugated polymers also 
possess extraordinary “light harvesting” ability due to their large extinction coefficients 
and also exhibit very fast intra- and inter-chain photoexcitation transport. These 
characteristics offer possible advantages for the development of novel fluorescent 
nanoparticles.  
In this chapter, we study the fluorescence and energy transfer photophysics of 
PDHF nanoparticles doped with a variety of fluorescent dyes. The dye-doped CPdots 
exhibit improved brightness, highly red-shifted emission spectra, and excellent 
photostability. The high experimentally observed energy transfer efficiency is not 
adequately described by Förster energy transfer alone. A model was developed which 
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includes the combined effects of exciton diffusion, Förster transfer, and particle size in 
determining the energy transfer efficiency. Comparisons of experimental results to the 
results of simulations based on the model yielded an exciton diffusion length within the 
range of accepted literature values. The CPdots could serve as a model system for 
studying energy transfer in complex nanoscale systems consisting of densely-packed 
chromophores. The major results presented in this chapter have appeared previously in a 
published journal article.59 
7.1 Fluorescent dye doped conjugated polymer dots  
In the preparation of CPdots, the rapid mixing with water leads to a sudden 
decrease in solvent quality, resulting in the formation of a suspension of hydrophobic 
polymer nanoparticles. It is possible to introduce hydrophobic fluorescent dyes during 
nanoparticle formation. Here, a variety of fluorescnt dyes were chosen as dopant species 
based on their fluorescent quantum yield and spectral overlap with the donor’s emission. 
Figure 7.1a presents the chemical structures of the dyes employed in this study. The 
doping concentration and the possibility of dye leakage were investigated by the 
following procedure. A nanoparticle suspension in which the nanoparticles contain 9 wt% 
of coumarin 6 and 91% of PDHF were prepared as describ d in the previous section. The 
dye to polymer ratio in the nanoparticles was determined by UV-Vis absorption 
spectroscopy, indicating that the dye to polymer ratio of the nanoparticle precursor 
mixture is preserved in the resulting nanoparticle suspension (i.e., neither species was 
preferentially precipitated or segregated during the preparation procedure). The overall 
preparation yield of the dye doped nanoparticles watypically higher than 80%. In order 





Figure 7.1 Nanoparticle size and morphology of fluorescent dye doped conjugated 
polymer dots. (a) Chemical structures of the fluorescent dye dopants and the host 
conjugated polymer PDHF. Representative AFM images of pure (b), perylene-doped (c), 
and coumarin 6-doped (d) PDHF nanoparticles dispersed on silica substrate. (e) 
Histogram of particle height data taken from AFM image (b). (f) TEM image of the pure 
PDHF nanoparticles. (g) Photograph of fluorescence emission from aqueous suspensions 
of the dye-doped PDHF nanoparticles taken under UV lamp excitation (365 nm).  
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to determine whether the dye was located primarily w thin the nanoparticles or as free 
dye molecules in solution, a series of tests were pformed on the nanoparticle suspension 
as follows. The sample was concentrated by a factor of 6 using centrifugal concentrators 
(Pall Corp.) with a molecular weight cutoff of 30,00. A negligible absorption and very 
weak fluorescence from coumarin 6 were observed in the filtrate, which indicates that 
nearly all of the dye was embedded within the nanoprticles, with only a negligible 
fraction present as free dye in solution. The concentrated sample was diluted and the 
above procedure was repeated a few weeks later. The results indicate no observable dye 
leakage. The nanoparticle dispersions were drop-cast onto silica substrates for analysis of 
particle size and morphology by AC mode AFM. A representative AFM image of 
undoped PDHF nanoparticles is shown in Figure 7.1b. A particle height analysis obtained 
from the AFM image indicates that most particles posess diameters in the range of 30±5 
nm (Figure 7.1e). The lateral dimensions from the AFM image are somewhat larger than 
the height due to the radius of curvature of the AFM tip.133 The size and morphology 
were also characterized by TEM (Figure 7.1f), which indicated well-dispersed, spherical 
nanoparticles with diameters of ~30 nm. Our observations are consistent with the recent 
report that the equilibrium shape for small sized PDHF nanoparticles (~30 nm) tends to 
be spherical because polymer-water interfacial tension is the dominant factor which 
typically determines the polymer morphology in this s ze range, even for somewhat rigid 
polymers such as PDHF.108 There are an estimated 100-300 polymer molecules per 
nanoparticle, assuming a densely packed spherical morphology. As shown in Figure 7.1c 
and 7.1d, the perylene-doped and coumarin 6-doped PDHF nanoparticles were 
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characterized by AFM. Height analysis indicates that the presence of dopant has no 
apparent effect on particle size and morphology. 
7.2 Energy transfer from conjugated polymer to dye acceptors 
As a promising class of conjugated polymers for organic light-emitting devices, 
many polyfluorene derivatives exhibit blue emission with high fluorescence quantum 
yield.36, 116 In this study, PDHF was chosen as the host polymer in view of its high 
absorptivity in the near ultraviolet region and broad emission spectrum which provides 
favorable spectral overlap with a number of different dopant species. Figure 7.2 presents 
the normalized fluorescence emission spectrum of the PDHF nanoparticles in water and 
absorption spectra of perylene, coumarin 6, nile red, and TPP in THF solutions. The 
fluorescence of the host polymer PDHF in 400-550 nm range possesses good overlap 
with the absorption spectra of the fluorescent dye molecules, as required for efficient 
energy transfer via the Förster mechanism. Figure 7.1g shows the strong fluorescence 
emission from aqueous suspensions of undoped and various doped PDHF nanoparticles 
under UV excitation (365 nm). At a few percent doping fraction, the fluorescence from 
PDHF is almost completely quenched and the nanoparticles present strong fluorescence 
from the dopant species, indicating efficient energy transfer from the host polymer to 
dopant molecules.  
Figure 7.3 shows the normalized absorption (dashed curves), fluorescence 
excitation and emission spectra (solid curves) of the undoped PDHF and four dye-doped 
nanoparticles containing varying concentrations of perylene, coumarin 6, nile red, and 
TPP. The dominant absorption peaks (around 375 nm) of the dye-doped nanoparticles are  







Figure 7.2 Normalized fluorescence emission spectrum of PDHF nanoparticles and 








Figure 7.3 Normalized absorption (dashed), fluorescence excitation and emission 
spectra (solid) of pure and dye-doped PDHF nanoparticles. 
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due to PDHF, while relatively weak absorption from the dopant molecule can also be 
observed. With 375 nm excitation, where >95% of the absorption is due to PDHF, the 
fluorescence from PDHF is almost completely quenched, and the nanoparticles exhibit 
fluorescence emission spectra characteristic of the dopant species. Fluorescence 
excitation spectra obtained while monitoring dopant emission are very similar to the 
normalized absorbance spectra of PDHF, with minor differences attributable to the 
spectrum of the Xe lamp of the fluorometer. These observations indicate efficient intra-
particle energy transfer from the PDHF host to the dopant fluorescent dyes. The observed 
energy transfer efficiencies are roughly similar to the energy transfer efficiencies 
observed for dye-doped polyfluorene thin films,134-136 supporting the conclusion that the 
nanoparticles consist of polymers essentially in the solid state with dye molecules 
randomly distributed throughout the polymer.  
Highly efficient energy transfer is evident in the evolution of the fluorescence 
spectra with increasing dopant concentration. Figure 7.4 shows the fluorescence emission 
spectra of the three types of dye-doped nanoparticles as dopant concentration is 
increased. For the case of PDHF nanoparticles doped with coumarin 6, the fluorescence 
from the PDHF host decreases with increasing dye content, while fluorescence from the 
dye increases and reaches a maximum around 1.0 wt%, after which a further increase in 
dopant concentration causes a pronounced reduction in fluorescence intensity. Over the 
concentration range of 0.2-1wt%, the nanoparticles present an intense green emission 
(~500 nm) from coumarin 6, which is clearly more intense than the 430 nm emission of 
undoped PDHF nanoparticles. It is also clearly observed that the green emission from 
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coumarin 6 consists of two emission peaks around 500 nm. Very similar spectral features 
were observed in coumarin 6-doped polyfluorene and PVK thin films.137 As the doping 
concentration is increased from 2 to 5 wt%, the intnsity of the dye emission starts to 
drop and the spectra change shape, consistent with he formation of dye aggregates with 
low fluorescence quantum yield. The perylene-doped system shows a similar trend in the 
evolution of the fluorescence as the fraction of dye is increased, but no additional spectral 
features from the perylene due to aggregation were obs rved, nor was quenching due to 
aggregates observed. The TPP-doped particles have a lower overall fluorescence 
quantum yield as compared to the other doped particles, consistent with the lower 
quantum yield of TPP as compared to coumarin 6 and perylene. While we have 
successfully demonstrated the doping strategy for a few fluorescent dyes, it should be 
noted that acceptor emission was not observed for some other dyes. For the nile red-
doped case, nanoparticles prepared with 5 wt% doping exhibit moderate fluorescence 
from the PDHF host, as indicated in Figure 7.3. The donor’s fluorescence is not 
completely quenched even in more heavily doped samples (10 wt%). Another dye, DCM, 
was observed to quench the host fluorescence, but no obvious fluorescence from the dye 
was observed. This is somewhat contradictory to other reports on DCM-doped 
nanoparticles and thin films.138-140 However, the results support the tentative conclusion 
that the rigid, nonpolar polymer matrix would inhibit formation of the twisted 
intramolecular charge transfer state considered to be the dominant fluorescence pathway 
for DCM.141 
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Figure 7.4 Concentration dependent fluorescence spectra of PDHF nanoparticles 
doped with perylene (top), coumarin 6 (middle), and TPP (bottom).  





Figure 7.5 Fluorescence quenching of the donor versus molar fraction of quenchers in 
the dye doped PDHF nanoparticles. The scattered points are experimental results of 
PDHF fluorescence quenched by the three dye acceptors, while the solid lines represent 
fits to the Stern-Volmer equation.  
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The dependence of the PDHF fluorescence intensity on the dye concentration was 
modeled using the Stern-Volmer relation, which can be expressed as, 118 
][1/0 AKFF SV+= ,                                                  (7.1) 
where 0F  and F  are fluorescence intensities in the absence and presenc  of acceptor, 
respectively, KSV is the Stern-Volmer quenching constant, and [A] is the concentration of 
the acceptor. The quenching constant is obtained from the slope of a linear fit to a plot of 
FF /0  versus [A]. If the acceptor concentration is expressed as a molecule fraction, then 
KSV represents the number of host molecules quenched by a single acceptor. The 
integrated emission intensities (F0 and F) of the donor were obtained by decomposing the 
spectra in Figure 7.4 through a multi-peak Gaussian fitti g. The Stern-Volmer analysis 
(Figure 7.5) indicated that approximately 3, 8, and9 polymer molecules can be quenched 
by single molecules of perylene, coumarin 6, and TPP, respectively. The differences in 
the quenching efficiency per molecule can be attribu ed to the differences in the Förster 
radii of the three dyes. The perhaps surprising observation that a single dye molecule can 
quench one or more polyfluorene chains consisting of tens to hundreds of chromophore 
units is supported by a number of recent experimental reports which indicate that energy 
diffusion via rapid intrachain energy transfer is an important factor in determining energy 
transfer efficiency to acceptor dyes.130, 142. In the following sections, we attempt to 
quantify the relative importance of energy diffusion and Förster transfer by comparing 
experimental results to the results of simulations which include both energy diffusion and 
Förster transfer phenomena within the framework of a random walk. 
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7.3 Förster energy transfer model 
Förster radius R0  is defined as a distance at which the energy transfer rate kET is 
equal to the total decay rate (kET=τD-1=kR+kNR) of the donor in absence of the acceptor. 
Förster radii for the three dyes using PDHF as the donor were calculated using Equation 
2.6. Since the PDHF refractive index is strongly dependent on wavelength over its 
emission range, the wavelength-dependent refractive index was adopted for the 
calculation.136, 143 The spectral overlap between PDHF emission and dye absorption is 
presented in Figure 7.2. A fluorescence quantum yield of 20% was obtained for the 
PDHF nanoparticles using a solution of Coumarin 1 in ethanol as a standard.128 The 
calculated Förster radii are 2.29 nm, 3.05 nm and 3.14 nm, for PDHF doped with 
perylene, coumarin 6, and TPP, respectively. The larger Förster radius of TPP is reflected 
by its large peak absorption coefficient (4.1×105 M-1cm-1) as compared to Coumarin 6 
(5.4×104 M-1cm-1) and perylene (3.8×104 M-1cm-1). Coumarin 6 has a moderate molar 
absorption coefficient, but very good spectral overlap, therefore its Förster radius is 
comparable to that of TPP. As is clear from a comparison to the Stern-Volmer analysis, 
acceptors with larger Förster radii exhibit higher quenching efficiencies. 
There have been a number of recent studies of energy transfer processes in dye 
doped polyfluorene thin films.134-136, 144 The results were interpreted based on a model 
which assumes that dye molecules are arranged on a perfect cubic lattice within the 
polymer host. The lattice model is not appropriate for the nanoparticle systems currently 
under study because the quenching efficiency of the acceptors close to the surface is 
likely to be different from those close to the center of the particle. Furthermore, the dye 
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molecules are likely to be more or less randomly distributed in the polymer host, which 
leads to a number of dye molecules with overlapping Förster radii, particularly at higher 
dye to polymer ratios. In order to address these isue , we have developed a method for 
estimating energy transfer efficiency that takes into account the random distribution of 
the donor and acceptor positions within the confined space of a nanoparticle. The model 
is described as follows. Assuming that the overall energy transfer rate constant (ETk ′ ) 
scales linearly with the number of quenchers, the ETk ′ from a randomly positioned 
























,                                           (7.2) 
where NA is the number of dye molecules per particle, Rj represents the distance between 
the exciton and the jth dye molecule. Defining quenching efficiency q for a given exciton 
as ( )ETNRRET kkkkq ′++′= / , the overall quenching efficiency Q can be calculated by 



















.                                         (7.3)  
Due to the sensitivity of the simulation results on the positions of the acceptors, the 
simulation results must be averaged over many randomly generated sets of acceptor 
positions as well. It should be noted that this simulation describes only the Förster energy 
transfer without considering exciton diffusion. The r sults of the simulations (using 
Förster radii calculated from the spectral overlap) nd comparisons to experimentally 
determined quenching efficiencies are shown in Figure 7.6. It should be noted that we 
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elected to use experimental measurements of donor emission quenching as a measure of 
energy transfer efficiency instead of using acceptor emission, because the latter is not a 
reliable indicator of energy transfer efficiency due to possible quenching by aggregate 
species. The scattered data show the experimental resu ts for the three dyes calculated 
from Figure 7.4, while the dotted curves represent the simulation results using the Förster 
transfer model. Large discrepancies between the exprimental and simulated quenching 
efficiencies (as high as 50%) were observed for all the three dye species, which indicates 
that Förster transfer alone is not able to adequately ccount for the observed quenching 
behavior in these dye-doped nanoparticles and that other processes are likely to be 
involved, such as energy diffusion. Excitons in conjugated polymers can migrate along 
the polymer chain and may hop between chains, processes characterized by an exciton 
diffusion length, typically on the order of 5-20 nm for conjugated polymers.127, 144, 145 
Simulations of energy transfer which neglect energy diffusion are expected to 
underestimate the efficiency of energy transfer for such π-conjugated systems, as 
observed here. 
7.4 Combined exciton diffusion and Förster transfer model 
Energy transfer from a conjugated polymer to fluorescent dyes is described as 
occurring in two steps:135, 136, 142, 144 (1) energy diffusion within the polymer host, and (2) 
energy transfer from the host to the guest dye molecules. Based on the above picture, we 
introduce a model which explicitly takes into account the combined effects of exciton 
diffusion, energy transfer, and particle size. The model is based on a 3D random walk on 
a discrete cubic lattice. Random walk-based methods ave been previously employed to 
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model exciton diffusion and trapping in molecular crystals.146, 147 However, the present 
model differs significantly from these previous models in that the possibility of Förster 
energy transfer to an acceptor dye is taken into acc unt for each step in the random walk 
trajectory. The model and simulation methods are described as follows: The exciton is 
given an initial random position within the nanoparticle. After a time interval of duration 
∆t the exciton moves a single step of length ε in a random direction, subject to the 
constraints imposed by the geometry of the particle. Neglecting (for the moment) energy 
transfer to the dye acceptors, the average number of steps N required for the exciton to 
travel a distance equal to the exciton diffusion length LD is given by N=(LD/ε)2. The time 
step size ∆t is related to the fluorescence lifetime of the donor (τD) by N∆t=τD. A given 
number of acceptor dye molecules are randomly distributed within a nanoparticle. At 
each step the overall energy transfer rate constant ETk ′  is calculated based on the position 
of the exciton and the positions of the acceptors according to Equation. 7.2. The 
probabilities of energy transfer and decay during the ime step are calculated 
as )exp(1 tkp ET ∆′−−= and )/exp(1 Dtp τ∆−−= , respectively. Comparison of generated 
random numbers against the probabilities of the two processes is used to determine if the 
exciton has undergone decay or transfer during the tim  step, ending the trajectory. If not, 
the exciton trajectory continues to the next step. Each trajectory is allowed to eventually 
terminate in either energy transfer or decay. The algorithm was verified by comparison of 
simulation results (obtained with energy transfer tu ned off) with the analytical 
expression for steady-state concentration as a function of distance for a decaying species 
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Figure 7.6 Quenching efficiency as a function of the number of dye molecules per 
particle for the PDHF nanoparticles doped with perylene (top), coumarin 6 (middle), and 
TPP (bottom). The squares are experimental results. The dotted curves represent the 
results of the Förster transfer model, while the solid curves represent the results of the 
combined exciton diffusion and Förster transfer model.   
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(obeying first-order kinetics, as in radioactive decay) which is diffusing from a point 
source.148 It should be noted that, for materials with an optical penetration depth similar 
to that of the particle radius, the initial distribution of excitons (prior to energy diffusion) 
would be more heavily weighted towards the surface. However, this is not of major 
concern in the present case, since the particle radius is a factor of 2-3 smaller than the 
optical penetration depth.  
A comparison of the model results to the experimentally determined quenching 
efficiencies was performed as follows. The number of acceptor dyes per particle used in 
the simulations was varied over the range of 0-1000, consistent with the range of 
experimental data. The same Förster radii used in the previous section were employed for 
the combined energy diffusion and transfer model. The exciton diffusion length was 
treated as a fit parameter and evaluated over the range of 6-10 nm. The step length ε was 
set to a value of 0.1 nm. Values for ε between 0.05 and 0.5 nm were found to yield 
similar quenching efficiency results, indicating little sensitivity to this parameter 
provided that it is set to a value well below the Förster radius and the exciton diffusion 
length. Thousands of exciton trajectories were calcul ted, and the quenching efficiency 
was determined by counting the number of trajectories which terminate in energy transfer 
relative to the total number of trajectories. The efficiencies were also averaged over many 
random acceptor positions, since the energy transfer efficiency is sensitive to the random 
placement of acceptors. For a given average number of acceptors per nanoparticle, the 
actual number of acceptors per nanoparticle is likely to follow a Poisson distribution. 
However, Poisson statistics were neglected since it was previously determined that it 
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does not affect the average quenching efficiency for cases where the quenching efficiency 
per acceptor is below 30 percent (see Chapter 6). A comparison of the calculated energy 
transfer efficiencies for a range of diffusion length values to the experimental results 
(Figure 7.6) yields an estimated exciton diffusion le gth parameter of 8 ± 1 nm for all 
three dyes. The agreement between theory and experiment is quite good over a large 
range of dye concentrations. An exciton diffusion le gth of 8 nm is consistent with 
reported values for similar materials, which range from 4 to 20 nm.144, 149, 150 The 
excellent agreement between the model and experimental results, as compared to the 
model results obtained without energy diffusion, provides a strong indication of the 
importance of energy diffusion in this system. An additional issue that should be 
considered is whether the model assumption that the dyes are positioned randomly is 
physically reasonable. Entropic considerations and the particle formation kinetics 
associated with rapid mixing would tend to favor the assumption that dye positions are 
essentially random. However, depending on the particular dye species, surface free 
energy could be minimized by segregation of the dye on the surface. Since segregation of 
the dyes on the surface cannot be ruled out, it is appropriate to consider the effect of such 
segregation on the quenching efficiency of the dyes and the relative importance of energy 
diffusion and energy transfer. This issue can be addressed on a qualitative level as 
follows. If a dye molecule is located on the surface, this would reduce the effective 
quenching volume of the dye, since about half of the volume defined by the Förster 
radius of the dye would intersect with the particle. Indeed, simulations in which the dyes 
were confined to the surface resulted in substantially smaller quenching efficiencies (as 
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much as a factor of 2 smaller) as compared to the results obtained assuming a random dye 
distribution within the entire volume of the particle. Thus, a larger exciton diffusion 
length parameter would be required in order to obtain agreement between the model and 
the experimental results if this were the case.  Based on these considerations, the exciton 
diffusion length obtained from the comparison between the model results and the 
experimental results should be taken as a lower estimate of the exciton diffusion length. 
Additional simulations were conducted to explore thdependence of quenching 
efficiency on the exciton diffusion length. For 80 dye molecules per nanoparticle, the 
quenching efficiency was determined as a function of exciton diffusion length (Figure 
7.7a). The points corresponding to LD = 0 were calculated according to Equation 7.3, 
while the other points were obtained using the combined energy diffusion and Förster 
transfer model. As can be seen, the quenching efficiency increases monotonically with 
increasing the exciton diffusion length, approaching unity for LD values well above the 
particle size (data not shown). A parameterized expression which takes into account both 
energy transfer and exciton diffusion was developed as follows. We define an effective 
energy transfer radius RET similar to the Förster radius, assuming that RET depends 
approximately linearly on the exciton diffusion length (LD),  
DET LRR ⋅+= α0 ,                                                  (7.4) 
where α is a parameter describing the relative contribution of exciton diffusion to the 
effective energy transfer radius. Replacing R0 of conventional Förster theory with the 
effective energy transfer radius, the quenching effici ncy can be written as  
 






Figure 7.7 Dependence of quenching efficiency on exciton diffusion and particle size. 
(a) Dependence of the quenching efficiency on the exciton diffusion length for the three 
dye doped nanoparticles. The starting points in the absence of exciton diffusion were 
calculated according to Equation 4, while the other points were obtained by the combined 
energy diffusion and Förster transfer model. The curves are fits to Equation 6. (b) Size 
dependent quenching efficiency for the particles doped the three different dye species. 
The number of dye molecules per unit volume is fixed at a value of 0.0057 per nm3, 
corresponding to 80 dye molecules in a particle with a radius of 15 nm. The scattered 






















                                             (7.5) 
where R  represents an effective average distance from a donor t  the nearest acceptor. 
Figure 7.7a shows the fitting curves to the results of by setting R  and α as parameters. 
Fits to the combined energy diffusion and transfer imulations yielded excellent fits for 
all three dye species using parameters in the range of R =3.0±0.2 nm and α 
=0.064±0.001. It should be noticed that the effective energy transfer distance (including 
energy diffusion) is only 15-20 percent larger than R0, when using LD values of 8 nm. 
There is uncertainty of similar magnitude in typical R0 values determined from spectral 
overlap. This indicates the necessity of careful determination of Förster radii as well as 
the need to obtain additional data for validation such as by systematically varying the 
acceptor concentration and employing a variety of acceptors. 
     In order to explore the dependence of quenching efficiency on nanoparticle size, 
simulations were performed using the combined energy diffusion and Förster transfer 
model (Figure 7.7b). For each particle size, number of dye molecules per unit volume is 
fixed at a value of 0.0057 per nm3, corresponding to 80 dye molecules for a particle with
a radius of 15 nm. As can be seen, the quenching efficiency increases monotonically for 
small particles in the radius range of 5-25 nm, approaching constant values for particle 
radii above 30 nm. The reason for this size dependence can be interpreted as follows: for 
smaller particles, the dopant molecules are more likely to be located close to the surface 
due to the higher surface to volume ratio. The dye molecules near the surface have a 
smaller effective quenching volume as compared to those farther from the surface (nearer 
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the particle center), leading to a lower quenching efficiency. As particle radius increases, 
the surface effect is relatively less significant, and therefore the quenching efficiency 
increases. For cases in which the particle radius is above 30 nm, well above the Förster 
radius, the quenching efficiency approaches a constant value corresponding to the bulk 
solid. The radii of the prepared dye-doped PDHF particles (~13-17 nm) is well below the 
estimated ~30 nm threshold for bulk quenching behavior, indicating that particle size is 
an important factor in this case. The apparent sizedependence of the energy transfer 
properties of the nanoparticles points to the possibility of tuning energy transfer 
parameters using particle size or other nanoscale geometric parameters. 
Time-resolved fluorescence measurements were performed to provide detailed 
information about energy transfer rate constants. Fluorescence decay kinetics traces were 
obtained using the TCSPC technique. Donor excited state lifetimes were extracted from 
the kinetics traces using custom software employing a  iterative deconvolution method.50 
Statistical analysis of several fits and comparison of lifetime results obtained for 
Coumarin 6 in ethanol to literature values yields an estimated uncertainty in the reported 
lifetime of 50 ps or better. A fluorescence lifetime of 330 ps was obtained from the decay 
curves of the 420 emission of the undoped PDHF nanop rticles. This is consistent with 
reported lifetimes for similar polyfluorene derivatives which range from 160 to 400 ps in 
thin films.135, 136 An increase in the decay rate of PDHF fluorescence is observed as the 
TPP concentration is increased. For the 0.2 wt% dope  sample, the energy transfer rate 
constant ( ETk ′ ) was deduced by subtracting the decay rate constant of undoped 
nanoparticles (τD-1 =3.0 ns-1) from the total decay rate constant of the doped nanoparticles 
  113 
(τD-1 =5.5 ns-1). The result ( ETk ′ =2.5 ns
-1) is consistent the value calculated using the 
combined energy diffusion and Förster transfer model. The decay time (100 ps) from a 
more heavily doped sample (0.5 wt%) indicates a cler enhancement of energy transfer 
rate constant (ETk ′ =7.0 ns
-1) due to the higher dopant concentration, and is also consistent 
with the results of the simulations. It should be noted that the experimental time 
resolution was insufficient to observe the complex dynamics that are often observed in 
systems involving energy transfer to randomly distributed acceptors.144, 151 Additional 
experiments with improved time resolution are planned in order to address this question. 
7.5 Photobleaching behavior of the dye-doped nanoparticles 
 The photostability of fluorescent nanoparticles is of critical importance for many 
fluorescence sensing and imaging applications. The photostability of a fluorescent dye or 
nanoparticle can be characterized by photobleaching quantum yield (φB), which is equal 
to the number of molecules that has been photobleached divided by the total number of 
photons absorbed over a given time interval.19 In other words, photobleaching quantum 
yield is the reciprocal of the number of excitation cycles that a typical molecule endures 






=φ                                             (7.6) 
where kB is the photobleaching rate constant usually related to photochemical reactions 
involving the excited state of the molecule. Conventional fluorescent dyes such as 
coumarins and rhodamines exhibit bleaching quantum yields in the range of 10-4-10-6.19 
For typical fluorescent dyes under low excitation intensity, the photobleaching kinetics 
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follows a single exponential decay curve. However, the photobleaching of conjugated 
polymers is more complicated, and the mechanism remains poorly understood due to the 
complex set of interactions involving a large number of species such as excitons, 
polarons, molecular oxygen, and partially oxidized species of unknown structure.64 
Polyfluorene-based thin films in air often exhibit spectral instability that involves the 
appearance of an undesired green emission arising from energy transfer to a small 
number of keto (fluorenone) defects resulting from partial oxidation of the polymer.152 
Similarly, partially oxidized PDHF nanoparticles exhibit green emission due to the 
presence of fluorenone sites on the polymer backbone.  
Figure 7.8a shows the emission spectra of the 0.5% TPP-doped PDHF 
nanoparticles before and after 2 hours of photobleaching under 380 nm UV light. A 
comparison between the spectra exhibits clearly an increased green emission around 530 
nm, while the emission intensities from the polyfluorene host (430 nm) and the TPP guest 
(650 nm) are reduced. The photobleaching kinetics data for doped and undoped PDHF 
nanoparticles are shown in Figure 7.8b. The photobleaching kinetics of the undoped 
PDHF particles can not be described by a single exponential decay. However, the sum of 
two exponential functions, with a fast component characterized by a time constant of 600 
s (30%) and a slow component characterized by a time constant 3.0×104 s (70%), 
adequately reproduces the photobleaching curve. The observed biexponential 
photobleaching kinetics could indicate the presence of two or more distinct populations, 
possibly due to the presence of different phases with distinct morphology and 
photophysics. It has previously been observed that different phases of polyfluorene 
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derivatives can be prepared from the same polymer, each with markedly different 
fluorescence and electronic properties arising from differences in the nanostructure of the 
material.116, 153 The observation of multiple decay rates is also consistent with the 
possibility that chains located near the surface of the particle could be more susceptible to 
photobleaching as compared to chains located deeper within the nanoparticle. Another 
possibility is that the combination of energetic disorder and intraparticle energy transfer 
results in energy transfer from higher energy excitations to states of lower energy. This 
results in a range of excited state lifetimes, which would give rise to multi-exponential 
photobleaching kinetics, according to Equation 7.6. It should be mentioned that 
additional investigations into the effect of energy transfer phenomena on phobleaching 
kinetics are currently underway. A procedure similar to that described by Eggeling and 
co-workers 19 was employed to obtain quantitative photobleaching quantum yields from 
the photobleaching kinetics data. In order to validate the procedure, analysis of 
photobleaching kinetics for Coumarin 6 was performed, yielding results similar to 
reported values.19 The fast bleaching component corresponds to a photobleaching 
quantum yield of 1.0×10-6, while the slow bleaching component corresponds to a 
photobleaching quantum yield of 2.6×10−8. Since the fraction of emitted photons 
associated with the rapidly decaying component is very small, the determination of death 
number (φF/φB) is based on the fluorescence quantum yield (φF=0.20) and the slow 
photobleaching component (φB=2.6×10-8), yielding a death number of 7.7×106 photons 
per undoped PDHF nanoparticle. 
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We also determined the effect of energy transfer on photostability of the doped 
nanoparticles. TPP was chosen as the dopant due to its highly red-shifted fluorescence 
which provides clear separation between donor and acceptor fluorescence. Biexponential 
fits to the photobleaching kinetic traces of 0.2 wt% TPP-doped nanoparticles of doped 
particles yield time constants of 1391 s for the fast-bleaching component and 5.8×104 s 
for the slow component in the host photobleaching ki etics, both approximately a factor 
of two larger than the time constants obtained for undoped particles. Recalling the results 
from a previous section, the energy transfer efficien y is approximately 50% at the 
doping fraction of 0.2 wt% TPP. According to the rate picture, an energy transfer 
efficiency of 50% would reduce the photobleaching rate constant by a factor of two as 
compared to undoped nanoparticles, consistent with the observed photobleach kinetics. A 
higher dopant ratio (0.5 wt% TPP) leads to longer time constants for both the two 
components. Again, this is consistent with the rate picture (Equation 7.6). During the 
course of the photobleaching kinetics measurement, light also bleaches the dopant  
molecules (Figure 7.8b), which should result in partial recovery of donor fluorescence, 
though this phenomenon had no apparent effect on the photobleaching kinetics. The 
photobleaching kinetics of the acceptor emission at 650 nm emission of the 0.5%TPP-
doped sample exhibits a biexponential decrease similar to that of the donor. Regarding 
the death number for doped nanoparticles, the calculation indicates the death number for 
the donor’s fluorescence is roughly the same to that of the pure PDHF nanoparticles 
because the lower photobleaching rate is offset by he lower donor quantum yield. 
However, there is a net increase in total death number per particle when the emission 
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Figure 7.8 Photobleaching behavior of the dye-doped conjugated polymer dots. (a) 
Fluorescence emission spectra of TPP-doped PDHF (0.5%) before and after 2 hours of 
photobleaching. (b) Photobleaching kinetics of the pure and TPP-doped PDHF 
nanoparticles under continuous illumination with 1.0 mW of 380 nm UV light. The 
wavelengths in brackets indicate the emission colletion wavelengths. The black curves 
result form the fitting by double exponential decay and the time constants are indicated in 
the Figure.  
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from the acceptors is included. In the 0.5%TPP-dope sample, the death number for the 
acceptor’s fluorescence is calculated to be 3.2×106 photons per nanoparticle according to 
the fluorescence quantum yield (φF = 0.013) and the photobleaching kinetic trace 
(φB=4.1×10-9) of the acceptors. The death number of the nanoparticle (considering 
acceptor emission only) is similar to that of free TPP in solution multiplied by the 
number of dye molecules per nanoparticle (~100). Extrapolating to the case of heavily 
doped nanoparticles (negligible donor emission and short donor lifetime), the 
nanoparticle death number would be largely determined by the number of acceptor 
molecules per nanoparticle multiplied by the acceptor death number. Since dye loading 
fractions similar to those typically employed in dye-loaded silica or polystyrene 
nanospheres can be achieved with the dye-loaded PDHF particles, we tentatively 
conclude that similar photostability figures of merit could be achieved. Based on these 
results, we conclude that doping with energy acceptors is a viable strategy for improving 
photostability of conjugated polymer nanoparticles. 
It has been observed that, in some cases, the photobleaching rate is proportional to 
the triplet state population of the fluorophores,154 and that triplets can result in complex 
photobleaching kinetics.155, 156 If the dopant species are able to act as triplet qu ncher, it 
would increase the photostability of the donor. Similarly, oxygen is potent triplet 
quencher and has been found to increase the fluorescence intensities of conjugated 
polymers.157 In addition, singlet oxygen generated by interaction of O2 with triplet states 
is also likely to be involved in the production of partially oxidized defect species. While 
TPP is known to be an efficient singlet oxygen generator, and singlet oxygen is known to 
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be involved in photobleaching, we observed no reduction in the photostability of TPP-
doped particles as compared to undoped particles. 
Finally, we consider the nanoparticle figures of merit for fluorescence labeling 
applications. We previously observed that the conjugated polymer nanoparticles suffered 
from a reduction in fluorescence quantum yield as compared with the polymers in 
organic solvent.46 Blended conjugated polymer nanoparticles were developed later and 
found to have a slightly higher quantum yield.106 The dye-doping strategy provides 
additional options for optimizing nanoparticle optical properties due to the wide range of 
readily available dyes with quantum yields approaching unity. Furthermore, PDHF as 
host has efficient light harvesting ability as compared to optically inert polymer or silica 
materials. Nearly all of the excitation energy absor ed by hundreds of PDHF molecules is 
transferred to the dye acceptors, which can exhibit a high fluorescence quantum yield. 
The combination of large per-particle absorptivity and high fluorescence quantum yield 
results in large improvements in fluorescence brightness. Fluorescence quantum yields of 
~40% and a peak absorption cross section of 1.9×10-12 cm2 (assuming 200 polymer 
molecules for a nanoparticle) were determined for PDHF nanoparticles doped with 
perylene or coumarin 6 (2 wt%) suspended in water, using a solution of Coumarin 1 in 
ethanol as a standard.128 Another significant feature of the dye-doped nanoparticles is 
their highly red-shifted emission spectrum as compared to pure polymers and typical 
fluorescent dyes. Differently doped nanoparticles with a variety of emission wavelengths 
can be simultaneously excited using a single light source, a useful feature for imaging 
and multiplexed fluorescence detection. Photostabili y is also an important factor for 
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many applications. We observed that the dye molecules in the PDHF particles have 
photostability similar to that of free dyes in solution, as estimated from the 
photobleaching experiments. Since each particle contains hundreds of dyes, the death 
numbers and survival times of the dye-doped nanoparticles appear to be hundreds times 
better than single conventional molecular dyes and similar to dye-loaded polymer spheres 
of similar dimensions. Based on the extraordinary “light harvesting” capability of the 
polymer host and the high quantum yield of the dye molecules, the fluorescence 
brightness of the perylene- and coumarin-doped nanop rticles is estimated to be ~200 
times larger than that of single quantum dots, and 40 times higher than that of dye-loaded 
silica spheres of similar dimensions. The combination of the high brightness, highly red-
shifted emission spectrum, and excellent photostability is promising for biological 
labeling and sensing applications.  
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As a promising class of blue-emitting conjugated polymers, polyfluorenes display 
complex structure-property relationships.116 In particular, the dependence of 
photophysical properties on polymer morphology for p ly(9,9-dioctylfluorene) (PFO) has 
garnered much attention.158-161 In PFO, distinct phases have been identified: principally a 
disordered glassy phase and a crystalline β-phase containing planar polymer chains.162, 163 
The presence of β-phase in thin films can be influenced by thermal and vapor treatment 
of as-cast films or by varying the solvent from which the film is spin-cast.158, 160, 164 
Significantly, the fraction of β-phase in the films was found to affect the generation of 
polarons and triplet excitons159, 161, 165 as well as the photoluminescence quantum 
efficiency.153 These results indicate that control over conformation is important for 
optimizing performance.  
In this chapter we study on the polymer phase and fluorescence properties of PFO 
nanoparticles. PFO nanoparticles prepared by the reprecipitation method were observed 
to exhibit the spectroscopic characteristics of the glassy polymer phase. Addition of 
organic solvent to the aqueous suspension resulted in the formation of β-phase, 
presumably by solvent-induced swelling which facilitates formation of the 
thermodynamically favored β-phase. The β-phase persists after the removal of the 
organic solvent. The fraction of the polymer in theβ-phase was observed to depend on 
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the concentration of the organic solvent. The resulting mixed-phase PFO nanoparticles 
exhibit efficient energy transfer from the glassy phase to the β-phase, resulting in 
narrower, red-shifted fluorescence and increased quantum yield, as compared to the all 
glassy PFO nanoparticles. The mixed phase nanoparticles also exhibit reduced energy 
transfer to dye dopants incorporated in the nanoparticles, consistent with competitive 
energy transfer to polymer chains in the β-phase. The results indicate that the energy 
transfer and fluorescence properties of PFO nanoparticles can be tailored to a specific 
application by a combination of doping and control of polymer conformation. The major 
results presented in this chapter have appeared previously in a published journal article. 57 
8.1 Mixed polymer phase in polyfluorene dots 
Poly(9,9-dialkylfluorene)s are known to exhibit complex morphology. For 
instance, they can form disordered glassy phase, a partially crystalline β-phase, or a 
liquid crystalline phase, depending on the side-chain structure and thermal treatment.116 
Figure 8.1a shows the chemical structure of the PFO polymer and the β-phase chain 
segment that can be described as a “planar zigzag” or 21 helix conformation.
158 The β-
phase formation of PFO in solution can be observed in poor solvent by varying 
temperature,166 or in solvent/non-solvent mixtures by increasing the non-solvent 
content.116 Here we demonstrate the preparation of PFO nanoparticles with varying 
fractions of β-phase polymer, and examine the photophysical properties of the mixed 
phase nanoparticles. Rapid mixing of a dilute soluti n of PFO in THF (400 ppm, 200 µL) 
with water (8 mL) under sonication leads to the formation of PFO nanoparticles that 
exhibit the optical properties of the glassy phase. The THF was removed by partial 






Figure 8.1 β-phase conformation and AFM images of PFO dots. (a) Chemical 
structure and the β-phase conformation of the conjugated polymer PFO. (b) A 
representative AFM image of glassy PFO nanoparticles dispersed on mica substrate. (c) 
Histogram of particle height data taken from AFM images of glassy PFO nanoparticles. 
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vacuum evaporation. The resulting nanoparticle suspen ions are clear (non turbid), 
colorless, and stable for weeks, with no evidence of aggregation or decomposition. For 
AFM measurement, one drop of the nanoparticle dispersion was placed on a freshly 
cleaved mica substrate. As indicated in the AFM images of Figure 8.1b, the PFO 
nanoparticles exhibit an approximately spherical shape. The particle height histogram 
(Figure 8.1c) shows that most of the nanoparticles possess a particle size in the range of 
30 nm to 60 nm, with a small fraction of particles over 70 nm.  The mean particle size of 
~50 nm corresponds to roughly 280 polymer molecules per nanoparticle, assuming dense 
packing of the polymer chains. 
At low concentration in a good solvent, PFO adopts an elongated rod-like 
conformation containing predominantly only a single polymer chain.167 Accordingly, 
PFO in dilute THF solution exhibits an unstructured absorption spectrum with maximum 
centered at ~390 nm (Figure 8.2a, solid curve). Thefluorescence spectrum exhibits a 
well-resolved vibronic structure with the 0-0 transition centered at ~420 nm (Figure 8.2b, 
solid curve). During the nanoparticle preparation, the rapid mixing of a small volume of 
PFO in THF solution with water leads to a sudden decrease in solvent quality and the 
formation of nanoparticles due to aggregation of the polymer chains. As indicated in 
Figure 8.2a (dashed curve), the absorption spectrum of the as-prepared PFO nanoparticles 
is broadened and blue-shifted as compared to that of the polymer in THF solution. The 
blue-shifted absorption peak is consistent with an overall decrease in the conjugation 
length due to bending and kinking of the polymer backbone, and the red tail in the 
absorption spectrum is indicative of interchain interactions.46 The as-prepared PFO 




Figure 8.2 Normalized absorption spectra (a) and fluorescence emission spectra (b) 
of PFO in dilute THF solution (solid), glassy PFO nanoparticles (dashed) and mixed 
phase nanoparticles (dotted) obtained by toluene swelling. 
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nanoparticles exhibit a slightly red-shifted fluoresc nce and a long red tail as compared to 
the polymer in THF solution. Since the nanoparticles possess a densely packed structure, 
the red-shift and the long red tail in fluorescence could be ascribed to increased interchain 
interactions, resulting in a small fraction of red-shifted aggregate species. The resulting 
energetic disorder, combined with multiple energy transfer, would result in a net red-shift 
in the fluorescence spectrum as compared to that of the polymer in solution. Based on 
these observations and comparison to studies correlating optical spectra and x-ray 
diffraction results of thin films,158, 160 we conclude that the as-prepared nanoparticles 
consist of polymer molecules in a dense, disordered “glassy” phase. 
Addition of organic solvent to an aqueous suspension of hydrophobic polymer 
particles is known to induce swelling of the particles. The as-prepared (glassy) PFO 
nanoparticles exhibited clear changes in their spectros opic properties upon exposure to 
either toluene or THF, and the changes persist after removal of the organic solvent. The 
observed shifts in the UV-Vis absorption and fluorescence spectra are consistent with the 
formation of a β-phase.158 The spectroscopic properties of the β-phase PFO differ 
dramatically from those of the glassy phase – while the π-π* absorption of the glassy 
phase is relatively broad and featureless, the β-phase exhibits a narrow, red-shifted, and 
well-resolved absorption peak at 435 nm, with clear vib onic features superimposed on 
the main absorption band (Figure 8.2a, dotted curve). The fluorescence of the β-phase 
also displays a narrow, red-shifted emission peak at 439 nm, and a well-resolved vibronic 
progression in the emission spectrum (Figure 8.2b, dotted curve). A clear photophysical 
picture has been derived from observing the spectral similarities between the β-phase of 
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PFO and the planarized ladder-type poly(para-phenylene) – the more extended π-
conjugation in PFO β-phase accounts for the observed bathochromic shift and the sharp 
vibronic features observed in the spectra.158 It should be noted that β-phase formation 
was observed in PFO, but not in poly(9,9-dihexylfluorene) (PDHF) nanoparticles 
subjected to the same swelling protocol, although previous studies have indicated certain 
features related to β-phase formation in PDHF films.168  An alternative method for 
inducing the formation of β-phase is to anneal the glassy PFO nanoparticles at a
temperature above the Tg of the polymer (~75°C 
163). However, thermally annealed PFO 
nanoparticles (90 °C, for 1 hour) exhibit only a small shoulder, rather than a well-
resolved peak, at the red edge of the absorption spectrum (data not shown). A similar 
small shoulder is present in the absorption spectra of thermally annealed PFO films.158 
8.2 Swelling controlled polymer phase in polyfluorene dots 
We observed that addition of the water-miscible solvent THF can induce β-phase 
formation with reliable control of the relative fraction of β-phase. Aqueous dispersions of 
the glassy nanoparticles were mixed with varying amounts of THF to yield a THF/water 
ratio ranging from 0 to 40 percent by volume.  The mixtures were left for 2 hours, and 
then the THF was removed by partial vacuum evaporation prior to AFM and 
spectroscopic measurements. It should be noted that, over the range of 0 to 40 percent 
THF, the swelling step was not observed to induce nanoparticle aggregation or Ostwald 
ripening. Figure 8.1d shows the AFM results for the PFO nanoparticles swelled with the 
highest THF/water ratio (40%), which indicate no obvi us changes in particle size 
distribution as compared to the glassy nanoparticles prior to swelling (Figure 8.1b). 
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However, variation in the solvent/water ratio was observed to result in variations in the 
relative intensity of the spectroscopic features asociated with the β-phase. Figure 8.3a 
shows the dependence of the absorption spectra of PFO nanoparticles on the THF 
fraction used in the swelling step. The β-phase absorption peak (435 nm) can be observed 
at the THF/water ratio of 5%, and the intensity increases upon further increase of the 
THF/water ratio. This change is also accompanied by a decrease in the 375 nm principal 
absorption feature, and the appearance of the vibronic structure superimposed on the 
main absorption. At the highest THF/water ratio (40%) employed in the swelling 
experiments, the β-phase fraction was estimated to be ~27% by comparing the intensity 
of β-phase 0-0 peak to the overall absorption from the planarized β-conformation.160 We 
found that the THF swelling must be done as a separate step after the glassy nanoparticle 
formation in order to achieve reliable control of the β-phase fraction. Mixed phase PFO 
nanoparticles could be directly obtained by reducing the concentration of the polymer in 
THF (20 ppm) and increasing the amount of the polymer/THF solution (2 mL) relative to 
water (8 mL) in the reprecipitation – however, the particles prepared by this method 
exhibit smaller size (7-15 nm). Glassy phase particles were not obtained using this 
preparation method, likely due to the larger amount of THF employed and its tendency to 
swell the particles.  
Each of the aqueous PFO nanoparticle dispersions was diluted to yield an 
absorbance of 0.1 at 375 nm, and fluorescence spectra were obtained using an excitation 
wavelength of 375 nm. As shown in Figure 8.3b, the fluorescence from the PFO glassy 
phase (~423 nm) decreases dramatically, and is eventually completely quenched as the 







Figure 8.3 Absorption spectra (a) and fluorescence emission spectra (b) of PFO 
nanoparticles containing varying β-phase fractions. The absorption increase (435 nm) of 
the β-phase is indicated by an arrow, with increasing the THF/water ratio in the swelling. 
Each sample was diluted to yield an absorbance of 0.1 at 375 nm, and fluorescence 
spectra were obtained under the 375 nm excitation. The normalized emission spectra 
shown in the inset indicates a slight red-shift with increasing β-phase fractions. 
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THF/water ratio employed in the swelling increases. It hould be noted that the observed 
changes in the fluorescence spectra are not likely due to residual THF, since little or no 
changes were observed in the spectra after additional vacuum evaporation steps to 
remove residual THF, indicating any remaining THF has little effect on the particle 
properties. The fluorescence from the β-conformation (~438 nm) increases and reaches a 
maximum for the PFO nanoparticles swelled at the THF/water ratio of 10%. Although 
further increase of the THF/water ratio increases the β-phase fraction (as determined 
from the absorbance), the nanoparticles exhibit a sl ght decrease in fluorescence intensity, 
together with a slight red-shift in the emission wavelength that is observed in the 
normalized emission spectra (Figure 8.3b inset). This may be due to increased 
interactions between chains of the β-conformation, or increases in the size of the β-phase 
domains resulting in an increase in conjugation length. It has previously been observed 
that increasing the conjugation length of conjugated polymers often results in both a red 
shift in the emission and a reduction in fluorescence quantum yield,115 and inter-chain 
aggregates are known to exhibit weak, red-shifted emission in some cases.52 
Significantly, at some THF ratios the mixed phase particles exhibit an increased 
fluorescence quantum yield relative to the glassy phase. Fluorescence quantum yields of 
~35% were determined for mixed phase nanoparticles (swelled at the THF/water ratio of 
10%) and ~21% for the glassy phase nanoparticles, respectively (Coumarin 1 in ethanol 
was employed as a quantum yield standard). This is in harp contrast to thin film 
results,153 where the glassy phase and β-phase PFO were found to exhibit similar 
fluorescence quantum yields at room temperature. Th spectroscopic characteristics of  




Figure 8.4 Semi-Log plot of fluorescence decays of the glassy and β-phase PFO 
nanoparticles measured by a TCSPC setup. The red curve shows the instrumental 
response function (IRF). The scattered symbols represent experimental data, and the solid 
lines are fitting curves obtained employing an itera ive deconvolution method. Residuals 
are shown above the fits. 
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the mixed phase nanoparticles, primarily the increased fluorescence quantum yield, 
narrower emission peak and increased energy gap between excitation and emission as 
compared to the glassy phase particles, are also promising for fluorescence-based 
biosensing and imaging applications. 
8.3 Exciton trapping by β-phase in polyfluorene dots 
The glassy phase emission is completely quenched and the β-phase emission is 
dominant in the PFO nanoparticles containing only a sm ll fraction of β-phase, indicating 
significant energy transfer from the glassy phase to β-phase domains. Efficient energy 
transfer from the glassy polymer to the β-phase has been observed in films as well.160 
These results are not surprising since the large spectral overlap between the glassy phase 
emission and the β-phase absorption would allow efficient energy transfer to occur via 
the Förster mechanism. It should be noted that for appreciable energy transfer to occur, 
both phases must be present in the majority of the nanoparticles – significant particle-to-
particle heterogeneity in the relative fraction of β-phase would significantly reduce 
energy transfer since the inter-particle distances in the dispersion are far too large for 
appreciable inter-particle energy transfer to occur. Time-correlated single photon 
counting (TCSPC) technique was used to measure the fluor scence lifetimes of the mixed 
phase nanoparticles swelled at the THF/water ratio of 10% (Figure 8.4). No rise time due 
to energy transfer was resolved in the β-phase emission, consistent with previous thin 
films results that indicate energy transfer occurs within 5 ps,160, 169 below the time 
resolution of the TCSPC apparatus. However, the TCSPC measurements indicate a 
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remarkable difference in fluorescence lifetimes of the glassy phase and β-phase. 
Fluorescence decay lifetimes were measured at the 0-0 peak for the two types of PFO 
nanoparticles, and lifetimes of 97 ps for the glassy phase and 178 ps for mixed phase 
nanoparticles were obtained. The increase in the lifetime for the mixed phase as 
compared to the glassy phase is also accompanied by an increase in the fluorescence 
quantum yield. The radiative rate constant kR and non-radiative decay rate constant kNR of 
the nanoparticles were determined by combining the quantum yield and fluorescence 
lifetime results. The obtained values are as follows: kR=2.2 ns
-1, kNR=8.1 ns
-1 for the 
glassy phase, and kR=2.0 ns
-1, kNR=3.6 ns
-1 for the mixed phase nanoparticles. These 
results indicate that the increased quantum yield for the mixed phase particles is due to 
their significantly lower non-radiative decay rate, while both types of particles exhibit 
similar radiative rates. There is currently not sufficient information to determine the 
origin of this difference in the non-radiative rate. One possibility is that differences in 
polymer morphology result in different rates of triplet or polaron 
generation/recombination between the two phases. The swelling process could also 
reduce disorder, which could reduce the number of the non-radiative channels. 
Additionally, the effect of disorder on the dipole-dipole coupling of excitons in many 
fluorescent aggregates101, 170, 171 including polyfluorene aggregates172 can lead to changes 
in radiative rate as well as in the exciton-phonon c upling, which could affect the non-
radiative decay rate. Another possibility is that the minority β-phase domains act as 
exciton traps, reducing exciton mobility and therefo  reducing the rate of energy transfer 
to quencher species such as hole polarons. This posibility is supported by our recent 
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report on the effect of dopant dyes on the quantum yield and photostability of conjugated 
polymer nanoparticles.59  
In order to test the hypothesis that the β-phase domains act as exciton traps that 
reduce the efficiency of energy transfer to quenchers or other energy acceptors, we 
measured the effect of polymer morphology on the effici ncy of energy transfer in dye-
doped PFO nanoparticles. We previously demonstrated that dye-doped and polymer-
doped polyfluorene nanoparticles (containing PDHF in the glassy phase) can exhibit 
efficient energy transfer to the dopant.59, 106 The efficiency of energy transfer from the 
polymer to the dopant depends strongly on the spectral overlap between the emission 
spectrum of the donor and the absorption spectrum of the acceptor. Since the absorption 
and emission spectra of glassy phase and β-phase PFO are significantly different, 
polymer morphology is likely to have a strong affect on energy transfer efficiency. TPP-
doped glassy nanoparticles were prepared by the repr cipitation method described above, 
but with 1% TPP relative to polymer in the precursor lution. The β-phase was formed 
in TPP-doped nanoparticles by THF swelling with a THF/water ratio of 10%. Based on 
our previous experiments,59 the actual concentration of TPP dye in the nanoparticles is 
consistent with the composition of the precursor mixture and a small amount of THF in 
the swelling step does not lead to appreciable dye leakage. Figure 8.5a shows the 
absorption spectra of the TPP-doped glassy and β-phase nanoparticles. No obvious 
absorption peak from TPP is observed due to the low d ping concentration, while the β-
phase feature appears in the absorption band of PFO. Figure 8.5 b presents the 
fluorescence spectra of the TPP-doped glassy and β-phase nanoparticles (diluted to yield 
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an absorbance of 0.1 at the 375 nm excitation wavelength). The TPP-doped glassy 
nanoparticles exhibit a strong emission from the TPP acceptors, indicating efficient 
energy transfer from the PFO to the TPP. This is consistent with the Förster transfer 
mechanism: there is sufficient spectral overlap betwe n the glassy PFO emission and the 
TPP absorption (inset of Figure 8.5 b), and the Förster radius for this donor-acceptor pair 
is determined to be 3.6-3.8 nm.135, 136 However, the mixed phase particles show a clear 
decrease of the TPP fluorescence combined with the app arance of β-phase emission and 
a complete quenching of the emission of the glassy phase. The Förster radius for energy 
transfer from the glassy phase to the β-phase is relatively large as compared to that of 
TPP,160 and the effective concentration of the β-phase is relatively high, both of which 
should result in a significantly higher energy transfer rate from the glassy phase to the β-
phase as compared to the energy transfer rate from the glassy phase to the TPP dye. 
Furthermore, there is a small spectral overlap betwe n the β-phase emission and the TPP 
absorption, and a relatively large average distance between β-phase polymer chains and 
the nearest TPP molecule, which should result in very low energy transfer efficiency 
from the β-phase to the TPP dye. To quantify the competitive en rgy transfer to the 








= .                                                  (8.1) 
Here the resonance energy transfer rate (kET) was estimated by the expression,
135, 136 
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Figure 8.5 Absorption spectra (a) and fluorescence emission spectra (b) of TPP-
doped glassy PFO (solid) and β-phase nanoparticles (dotted). The inset shows spectral 
overlap between the TPP absorption (gray) and fluorescence emission of glassy PFO 
(solid) and β-phase nanoparticles (dotted). 






















,                                                  (8.2) 
where ID and IA are the emission intensities of the donor and acceptor, and φA is the 
quantum yield of the acceptor. The integrated emission intensities (ID and IA) of the donor 
and acceptor can be obtained according to the emission spectra in Figure 8.5b. The 
fluorescence quantum yield (φA) of TPP in the PFO host was determined to be 8%. In the 
TPP-doped glassy nanoparticles, the energy transfer efficiency to TPP was calculated to 
be 66%. In the β-phase nanoparticles, the overall energy transfer ef iciency to both TPP 
and β-phase PFO is nearly 100% since the donor’s fluorescence is completely quenched. 
The relative transfer efficiencies to TPP and β-phase PFO were estimated to be 31% and 
69%, respectively. Based on the above results, it i concluded that the β-phase effectively 
out competes the TPP as an energy acceptor (at small TPP loading ratios), and the β-
phase does not subsequently transfer an appreciable amount of its energy to the TPP – in 
effect, the β-phase acts as an exciton trap, reducing the efficincy of energy transfer to 
the TPP. The observed reduction in polymer→dye energy transfer efficiency due to the 
exciton trapping by the β-phase supports the hypothesis that the higher quantum yield 
and reduced non-radiative decay rate of (undoped) mixed phase nanoparticles arises from 
reduced energy transfer to quencher species due to exciton trapping by the β-phase. 
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CHAPTER 9 ENERGY TRANSFER MEDIATED PHOSPHORESCENCE IN 
CONJUGATED POLYMER DOTS FOR BIOLOGICAL OXYGEN SENSING 
 
 
Oxygen is a critical component for many physiological and pathological processes in 
living cells. In higher organisms, respiratory and cardiovascular systems provide and 
appropriately distribute oxygen to cells and tissue to maintain oxygen concentration in 
normal physiological range.173, 174 Tissue hypoxia has been found to closely relate wih
the clinical course of a variety of diseases,175 such as tumor growth,176, 177 diabetic 
retinopathy,178 and rheumatoid arthritis.179 Therefore, measuring and imaging oxygen 
levels in live cells and tissue represent a challenging and significant problem in modern 
biology, physiology, and medicine. Considerable interest has been focused on the 
development of optical oxygen sensors based on phosphorescence quenching by 
molecular oxygen.180-183 Oxygen sensing by phosphorescence quenching is nonnvasive, 
sensitive, somewhat selective for oxygen (although some similar species such as NO can 
also act as quenchers), and can be implemented for real-time measurements 184, 185 as well 
as high-resolution oxygen mapping in tissue.186, 187 While conventional phosphorescent 
dyes for oxygen sensing are typically based on organometallic complexes188 and 
metalloporphyrins containing Pt or Pd,189 there are continuing efforts to synthesize new 
chromophores with improved characteristics,190, 191 or to modify them for applications 
such as multiphoton luminescent microscopy.192 
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In this Chapter, we present a novel nanoparticle oxygen sensor, which consists 
primarily of a conjugated polymer (polyfluorene) doped with a phosphorescent platinum 
porphyrin dye. The conjugated polymer polyfluorene possesses extraordinary “light 
harvesting” ability, yielding nanoparticle absorption cross-sections exceeding 10-12 cm2 
for nanoparticles of ~25 nm in diameter. Efficient ergy transfer from the polymer to the 
phosphorescent dye was observed, resulting in bright phosphorescence that is highly 
sensitive to the concentration or partial pressure of molecular oxygen. Individual 
phosphorescent nanoparticles were imaged by fluorescence microscopy, and the observed 
phosphorescence decreased in direct relation to the partial pressure of oxygen. 
Nanoparticle uptake by macrophage cells via endocytosis was observed. The small size, 
extraordinary brightness, excellent sensitivity, and ratiometric emission of the doped 
conjugated polymer nanoparticles, together with the demonstration of single particle 
sensing and cellular uptake, indicate the potential of the nanoparticle sensors for 
quantitative mapping of local molecular oxygen concentration in living cells and tissues. 
9.1 Energy transfer in PtOEP-doped conjugated polymer dots 
The conjugated polymers employed as the doping hostare the polyfluorene 
derivatives poly(9,9-dihexylfluorene) (PDHF) and poly(9,9-dioctylfluorene) (PFO). 
Platinum (II) octaethylporphine (PtOEP) served as the oxygen sensitive dye (structures 
provided in Figure 9.1a). The preparation of the nanoparticle sensors is briefly described 
as follows. Rapid addition of a tetrahydrofuran (THF) solution containing polyfluorene 
and PtOEP to water, followed by mixing, leads to the collapse of polymer chains due to 
the sudden decrease in solvent quality, resulting in nanoparticle formation and  




Figure 9.1 PtOEP-doped conjugated polymer dots for oxygen sensing. (a) Schematic 
illustration of the formation of conjugated polymer dots for oxygen sensing. Chemical 
structures of the polyfluorenes and platinum porphyin are also shown on the left. (b) A 
representative AFM image of PtOEP-doped PDHF dots dispersed on a mica substrate. (c) 
Histogram of particle height data obtained from the AFM image. 
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simultaneous entrapment the hydrophobic PtOEP molecules inside the nanoparticles. For 
PDHF-based particles, the AFM results indicate that the resulting particles are 
approximately spherical in shape, with particle heig ts (diameters) in the range of 25±5 
nm (Figure 9.1b). For PFO-based particles, it was found that the preparation conditions 
(in particular, the ratio of THF to water) affected the polymer phase (glassy phase versus 
β-phase) in the resulting nanoparticles and the polymer phase has a strong effect on the 
efficiency of energy transfer to dye dopants.57 In agreement with previous results, the 
glassy PFO phase particles were found to exhibit more efficient energy transfer to PtOEP 
than the β-phase PFO particles. The 10 wt% PtOEP-doped PFO particles also exhibit 
roughly spherical morphology, with particle sizes in the range of 50±10 nm. 
Aqueous dispersions of the PtOEP-doped CPdots are clear and stable, with a faint 
pink color due to the visible absorption peak at 534 nm from PtOEP (Figure 9.2a inset). 
Our prior results indicated that the ratio of dye to polymer in the CPdots is similar to that 
of the precursor solution, with no appreciable dye leakage.59 UV-Vis absorption spectra 
(Figure 9.2a) are consistent with the dye/polymer wight ratio (1/10) of the precursor 
solution, and the absorption cross-sections (~380 nm) of PtOEP-doped PDHF and PFO 
nanoparticles in water were determined to be ~1.9×10-12 cm2 and ~1.2×10-11 cm2, 
respectively. According to the particle size and the weight ratio of dye to polymer, it is 
estimated that each doped PDHF particle (~25 nm dia.) consists of ~90 PDHF molecules 
and ~700 PtOEP molecules. Both PDHF and PtOEP contribute to the nanoparticle 
absorption at 380 nm, and their relative contributions are estimated at ~80% from PDHF 
and ~20% from PtOEP, respectively. Similarly, each doped PFO particle (~50 nm dia.) 
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contains ~270 PFO molecules and ~5500 PtOEP molecules. The large absorption cross-
sections of the CPdots (roughly 20 times higher than those of dye-loaded silica or 
polymer particles of similar dimensions) provides clear indication of the potential 
brightness advantage of the polyfluorene-based particles.   
The Förster radius characterizing the efficiency of energy transfer between the 
PFO donor and the PtOEP acceptor was calculated to be ~1.7 nm, which is somewhat 
small due to the non-optimal spectral overlap as shown in Figure 9.2b. However, exciton 
diffusion in the conjugated polymer host is known to result in a marked improvement in 
energy transfer efficiency. We previously developed a random walk model for estimating 
energy transfer efficiency in dye-doped conjugated polymer nanoparticles based on the 
polymer exciton diffusion length, dye-polymer Förste  radius, particle size, and dopant 
concentration.59 The model result for the energy transfer efficiency for 10% PtOEP-
doped PFO nanoparticles (~50 nm) was ~89%, in good agreement with the experimental 
value (~87%) obtained from fluorescence spectra (Figure 9.2c). Time-resolved 
fluorescence measurements were performed to provide information about the rate of 
energy transfer in the nanoparticles (Figure 9.2d). A fluorescence lifetime of 110 ps was 
obtained from the decay curves of the 420 nm emission of the undoped PFO dots, and the 
lifetime was decreased to 18 ps for the 10% PtOEP-dope  PFO dots due primarily to 
energy transfer. The energy transfer rate constant (kET) was deduced by subtracting the 
decay rate constant of undoped dots (τD-1 =9 ns-1) from the total decay rate constant of the 
doped nanoparticles (τD-1 =56 ns-1). The result (kET =47 ns-1) is in good agreement with 
the value obtained from analysis of the fluorescence spectra and the predictions of the 
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Figure 9.2 Energy transfer in PtOEP-doped conjugated polymer dots. (a) UV-vis 
absorption spectra of the undoped, PtOEP-doped PFO dots in water. The inset presents 
aqueous dispersion of PFO dots under room light. (b) Spectral overlap between 
fluorescence emission of polyfluorene nanoparticles and absorption of the PtOEP dye. (c) 
Emission spectra of the undoped and PtOEP-doped PFO nanoparticles with an excitation 
wavelength of 350 nm. The inset shows aqueous dispersion of PFO dots under a UV 
lamp (365 nm). (d) Fluorescence decays of the undope  and PtOEP-doped PFO dots 
measured by a TCSPC setup. The green curve shows the instrumental response function 
(IRF). The scattered symbols represent experimental dat , and the solid lines are fits. 
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nanoparticle energy transfer model. The inset of Figure 9.2c presents a photograph of 
aqueous nanoparticle dispersions under UV lamp illum nation (365 nm), illustrating a 
clear difference in the fluorescence color of undoped versus doped PFO nanoparticles. 
The emission spectra in Figure 9.2c were obtained at an excitation wavelength of 350 nm 
where the absorption of PtOEP is negligible. As compared to the undoped PFO dots, the 
doped dots exhibited significantly reduced PFO fluorescence and strong red emission 
(650 nm) from PtOEP, consistent with energy transfer m diated phosphorescence in the 
doped particles. For the PtOEP-doped PFO dots (nitrogen-saturated solution), the 
phosphorescence quantum yield was determined to be ~9% by (a dilute solution of 
tetraphenylporphyrin in toluene was used as a standard). This result is somewhat lower 
than that of PtOEP doped PFO thin film devices (~20%),193 likely due to the higher 
doping concentration in nanoparticles, which leads to increased self-quenching. The 
nanoparticle phosphorescence brightness, defined as the product of the optical cross 
section and the phosphorescence quantum yield, is more than 1000 times higher than that 
of conventional oxygen sensing dyes, and is estimated s roughly 5-10 times higher than 
that of PtOEP-doped silica particles of similar dimensions at similar dye loading.  The 
enhanced brightness is due to the combination of efficient light harvesting by the polymer 
and efficient energy transfer to PtOEP. 
9.2 PtOEP doped polyfluorene dots for oxygen sensing 
Oxygen sensitive phosphorescence is readily observed from aqueous PtOEP-
doped CPdot suspensions at different dissolved oxygen concentrations (Figure 9.3). As 
can be seen from inset, the nitrogen-saturated CPdot suspension exhibits intense red 
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emission, while the air- and oxygen-saturated samples resent weaker emission due to 
quenching by oxygen. The emission spectra (Figure 9.3a) exhibit a moderate 
fluorescence (~420 nm) from the PDHF host and oxygen-dependent phosphorescence 
(~650 nm) from PtOEP dopant. The fluorescence from PDHF is not completely quenched 
at the current doping concentration, which is attributable to the non-optimal spectral 
overlap between the donor and acceptor discussed above. Significantly, the residual 
fluorescence from the donor (~420 nm) remains relatively constant while the acceptor 
phosphorescence (~650 nm) is highly sensitive to oxygen, facilitating ratiometric sensing, 
which is useful for applications such as cellular and tissue imaging of oxygen 
concentration, since the ratio of acceptor to donor flu rescence is relatively insensitive to 
the local nanoparticle concentration. Defining R as the ratio of the emission intensity of 
the acceptors (sensing dye) to that of the donors (polymer reference), the sensor 
sensitivity can be expressed by the overall quenching response to dissolved oxygen,184, 185 
222
/)( NON RRRQ −= ,                                             (9.1) 
where 
2N
R  and 
2O
R  represent the emission intensity ratios of the sensor in fully 
deoxygenated and fully oxygenated solution, respectiv ly. The measured Q value for the 
doped CPdot particles is ~95%, similar to other quenching-based sensors.184 
Phosphorescence lifetime measurements provide an altern tive method for quantitative 
oxygen sensing.42 A comparison of the phosphorescence decays of the 10% PtOEP doped 
PDHF dots in nitrogen, air, and oxygen-saturated solutions is shown in Figure 9.3b. Each 
decay curve exhibits single exponential decay kinetics, indicating a homogeneous 
distribution of the PtOEP molecules inside the nanoparticles. A phosphorescence lifetime 
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Figure 9.3 Oxygen dependent phosphorescence intensity and lifetime in PtOEP-
doped CPdots. (a) Oxygen dependent emission spectra of he 10% PtOEP-doped PDHF 
dots with an excitation wavelength of 350 nm. The inset illustrates the UV lamp-
illuminated emission from the doped PDHF dots in aqueous solutions saturated with 
nitrogen, air, and oxygen, respectively. (b) Phosphrescence decays of the PtOEP-doped 
PDHF dots under the same conditions as in (a). The scattered symbols represent 
experimental data, and the solid lines are fits. 
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of ~37 µs was obtained for the nitrogen-saturated nanoparticle d spersion, consistent with 
the lifetime results (30-50 µs) of PtOEP in a variety of organic thin film devices.193, 194 
The phosphorescence lifetime is decreased to ~10 µs for the air-saturated nanoparticle 
solution, and ~5 µs for the fully oxygenated solution, indicating efficient quenching of 
phosphorescence by molecular oxygen. Quenching by molecular oxygen is rapidly and 
completely reversed by subsequent bubbling of N2 through the nanoparticle suspension. 
The large optical cross-section, bright phosphorescence, and high oxygen 
sensitivity of the doped CPdots show great potential for mapping oxygen concentration in 
biological systems. The relatively small particle size (~25 nm) is advantageous for 
cellular uptake and distribution as compared to other particle sensors, which are typically 
much larger.184, 185 The small size also provides a large surface-to-volume ratio and a 
reduced distance that the oxygen must diffuse to reach the dyes, which should lead to 
excellent response time. The sensitivity, selectivity, and response time also depend on the 
doping matrix, in this case the conjugated polymer. Polyfluorenes such as PDHF and 
PFO are hydrophobic glassy polymers, which should exhibit good oxygen permeability 
while serving as a barrier to interfering ionic species. In a qualitative experiment, a 
nitrogen-saturated CPdots dispersion was excited by a UV lamp (365 nm). The bright 
phosphorescence was observed to dim within in a few s conds upon exposure to air, a 
qualitative indication of adequate oxygen permeability and response time for a wide 
variety of applications. Additionally, we recently determined that CPdots exhibit 
extraordinarily large cross-sections for two-photon excitation (as high as 105 GM),68 
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which suggests that the nanoparticles are promising for 3D oxygen mapping in tissue 
using two-photon based imaging techniques.192 
9.3 Single particle oxygen sensing 
Single particle phosphorescence imaging was performed to further test the 
brightness and sensing capabilities of the CPdot sensors. Single molecule detection of 
triplet emission in transition metal complexes represents a challenging task, due to 
typically low phosphorescence quantum yields and very low radiative rates.195-197 The 
PtOEP-doped CPdots are expected to present substantially brighter phosphorescence than 
that of single phosphorescent molecules due to the large number of phosphorescent 
chromophores per particle (~700 phosphorescent chromophores in a particle of ~25 nm 
diameter). However, the excitation intensity must be carefully controlled for the case of 
the PtOEP-doped nanoparticles, since phosphorescence from the doped CPdots is readily 
saturated under high excitation intensity, while th fluorescence of the donor is less 
susceptible to saturation effects, resulting in donor polymer emission that greatly exceeds 
that of the PtOEP, as well as reduced sensitivity of he PtOEP emission to oxygen. Single 
doped PDHF dots (particle size: ~25 nm) were immobilized on a glass coverslip and 
imaged using a custom built wide-field epifluorescen  microscope. The 405 nm 
excitation laser was attenuated to an intensity of ~25 mW/cm2 in the center of the laser 
spot in the sample plane, corresponding to roughly 5×104 photons/sec absorbed per 
nanoparticle – well below saturation. Single particle phosphorescence images of the 
CPdots under flowing nitrogen (left) and in air (right) were obtained (Figure 9.4a). Each 
peak in the image corresponds to a single doped CPdot, exhibiting a near-diffraction- 





Figure 9.4 Single particle phosphorescence imaging and cellular imaging.  (a) Single 
particle phosphorescence images of the doped CPdots immobilized on a coverslip under 
nitrogen and air atmosphere, respectively. (b) DIC and phosphorescence images 
indicating uptake of the nanoparticle sensor by macrophage cells.   
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limited Airy disk with a full width at half maximum of ~300 nm. Phosphorescence from a 
single CPdot particle on the coverslip exhibits sensitivity to oxygen content in the 
atmosphere above the coverslip. The phosphorescence intensity corresponding to a single 
particle obtained in air atmosphere clearly shows that the phosphorescence is 
substantially quenched by oxygen. Subsequent imaging on the sample after resuming 
nitrogen flow shows near-complete recovery of the posphorescence intensity (Figure 
9.4a left). The intensity changes were observed for over several nitrogen-air cycles, with 
no apparent photobleaching owing to the low excitation intensity employed. The single 
particle oxygen sensing results provide clear indication that the nanoparticles are 
sufficiently bright and sensitive for a wide range of imaging and sensing applications. 
9.4 Phosphorescence cellular imaging 
There is considerable current interest in the use of nanoparticles for intracellular 
imaging and sensing. A variety of strategies for int acellular delivery and targeting of 
nanoparticles have been developed.22, 102 In previous studies, large oxygen sensing 
particles have also been delivered into living cells by gene gun insertion.184, 185 Motivated 
by the notion that the small particle size should facilitate cellular uptake by pinocytosis 
(“cell drinking”),198 and the possibility of using such nanoparticles as fluid phase markers 
to monitor endocytosis, we performed fluorescence microscopy experiments in order to 
observe nanoparticle uptake by live J774.A1 macrophages. Macrophage cells were plated 
in microscope dishes, and allowed to incubate for 10 hours with culture media containing 
doped PDHF dots at a concentration of ~10 pM. An epifluorescence microscope 
equipped with a Xe arc lamp and appropriate beamsplitter and filters was used to evaluate 
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nanoparticle uptake. Figure 9.4b presents the differential interference contrast (DIC) 
image and phosphorescence image of macrophages labeled with the doped CPdots. These 
images clearly indicate nanoparticle uptake by the cells and show a staining pattern 
consistent with other widely used fluid-phase markers such as an organic dye conjugated 
to a high molecular weight dextran. Consistent with fluid-phase uptake of CPdots, these 
images also show perinuclear labeling and brightly fluorescent vacuoles and organelles 
(e.g. pinosomes and lysosomes). More diffuse nanoparticle fluorescence was apparently 
localized in the cytoplasm, which may be due to a population of nanoparticles that are 
able to cross cell membranes. A detailed understanding of the factors affecting 
nanoparticle uptake as well as the fate of the nanop rticles requires additional 
investigation. In addition, sensing of oxygen concentration in specific subcellular 
organelles will require targeting of the nanoparticles to the organelle via encapsulation 
and bioconjugation. Nevertheless, the high brightness of the nanoparticles at low loading 
levels and low excitation levels, as well as the facile uptake by cells, are promising for 
applications such as determining local oxygen concentration in living cells.  
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CHAPTER 10 CONCLUSIONS AND OUTLOOK 
 
 
This dissertation has demonstrated a facile reprecipitation method for preparation of a 
variety of fluorescent conjugated polymer dots. Quantit tive comparisons of the optical 
properties of the CPdots indicate their fluorescence brightness is a factor of 102-104 
higher than that of conventional fluorescent dyes, and a factor of 10-103 higher than that 
of inorganic quantum dots, depending on particle siz  that ranges from 5 nm to 30 nm. 
Single particle fluorescence imaging and kinetic studies indicate much higher emission 
rates (~108 s-1) and little or no blinking of the CPdots as compared to typical results for 
single dye molecules and quantum dots. Photobleaching results for various CPdots reveal 
excellent photostability – as many as 109 or more photons emitted per nanoparticle prior 
to irreversible photobleaching. Two-photon excited fluorescence from the CPdot 
nanoparticles has also been characterized, and their two-photon action cross sections can 
be as high as 2.0×105 GM, to our knowledge the largest reported thus far for a 
nanoparticle.  
We have also utilized energy transfer as a strategy for tuning the emission color, 
improving nanoparticle photostability and quantum yield, and designing novel sensors. 
Blended CPdots consisting of a blue-emitting polyfluorene doped with green, yellow, and 
red-emitting conjugated polymers show improved quant m yield, and enlarged energy 
gap between absorption and fluorescence as compared to the pure polymer dots. 
Surprisingly, nearly all of the excitation energy absorbed by hundreds of polyfluorene 
  153 
molecules is transferred to a single quencher molecule, a phenomenon referred to as 
“superquenching”, which is the basis for highly sensitive biosensors based on 
fluorescence quenching. We have also investigated th  combined effects of energy 
diffusion and energy transfer in polyfluorene nanoparticles doped with a variety of 
fluorescent dyes. A stochastic model which takes into account the combined effects of 
energy diffusion, Förster transfer to the dye, dye concentration, and particle size effects 
was developed. Comparisons of experimental data to the model results helped to provide 
a more accurate physical picture of the ultrafast energy diffusion and energy transfer 
processes that can occur in conjugated polymers. Moreover, the very efficient intra-
particle energy transfer could be exploited to design highly sensitive sensors for small 
molecules such as oxygen. We observed efficient intra-particle energy transfer from the 
polymer to the phosphorescent dye, resulting in bright phosphorescence that is highly 
sensitive to the concentration or partial pressure of molecular oxygen. Single particle 
sensing and cellular uptake were demonstrated, indicating the potential of the 
nanoparticle sensors for quantitative mapping of local molecular oxygen concentration in 
living cells and tissues.  
In summary, this research involves the design, development, and characterization 
of highly fluorescent and photostable CPdots. Significant features of these nanoparticles 
include their small size, high brightness, excellent photostability, fast emission rates, non-
blinking, and tunable fluorescent functionalities mediated by energy transfer. These 
combined features of the CPdots indicate that CPdots are promising probes for 
demanding fluorescence-based applications such as high speed super-resolution single 
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molecule/particle tracking in live cells and highly sensitive assays. CPdots would yield 
substantially improved signal levels for these photon-starved applications that have 
previously involved multiple dye labeling, quantum dots, or dye-loaded particles, likely 
increasing the feasibility of such techniques for a wider range of problems. While the 
results reported here are highly encouraging, CPdots c nstitute a new and as yet 
relatively undeveloped nanoparticle technology. Continued efforts will involve additional 
experiments and development of theory aimed at understanding photophysics, further 
attempts to improve the optical properties of the nanoparticles, targeted cellular imaging 
by encapsulation and bioconjugation, and exploration of CPdots for single biomolecule 
tracking and dynamics in live cells.  
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